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CHAPTER 1 
INTRODUCTION 
1. G e n e r a l 
It may be clear that , in view of the importance of the material silicon for 
technological applications in electronic devices, the crystal growth of silicon 
has been thoroughly investigated in the past ( see e.g. ref. [1] ). However, 
despite the tremendous scientific effort in this field, some phenomena which 
are essential in the manufacturing of integrated semiconductor structures by 
means of Chemical Vapour Deposition ( CVD ) are still poorly understood. 
As examples of this, one may consider the alignment problems caused by the 
shift or the distortion of photolithographically imprinted patterns on silicon 
substrates during CVD ( see e.g. refs. [2-4] ) or the problems associated with 
Epitaxial Lateral Overgrowth ( ELO ) on silicon substrates, partially covered 
with isolating layers of e.g. SÌO2 or SÌ3N4 ( see e.g. refs. [5-8] ). In order to 
optimalize and understand these processes, detailed knowledge is required of 
the dependence of silicon crystal growth on the crystallographic orientation. 
Besides its technological importance, knowledge of the orientation de-
pendence of essential processes during silicon CVD is also important from a 
fundamental point of view. As each crystallographic face has its own density 
and geometry of incorporation and adsorption sites, it is expected that silicon 
growth species will "stick" with different probabilities on different crystallo-
graphic faces, which may lead to the above mentioned anisotropy in growth 
rates. But, also other species which may be present in the gas phase, like 
dopants, will have different adsorption probabilities on different orientations. 
Dependent on the rate limiting step in the deposition or incorporation process, 
growth and incorporation rates may therefore become orientation dependent. 
A nice example of this is the doping of MBE grown GaAs with Si, where it is 
found that under certain experimental conditions the amphoteric dopant Si 
may lead to η or ρ type epitaxial layers, dependent on the crystallographic ori­
entation of the substrate ( see ref. [9] and refs. therein ). If detailed knowledge 
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on the atomic structure of the different crystallographic faces were available, 
it would be possible to obtain a description of such processes on an atomic 
scale, starting from experimental data of the anisotropy of dopant incorpora-
tion and deposition rates. 
2. Scope a n d synops i s 
In order to obtain relations between atomic processes and their orientation 
dependence, it is essential to know the structure and stability of semiconductor 
faces of different crystallographic orientations. This is an item to which a 
great deal of scientiñc research has been devoted. Although for the case of 
silicon the insight in this matter is increasing, a lot of questions are still 
open. One of the most intriguing of these questions has been and still is: 
why is the experimental crystal habit of silicon ( see e.g. refs. [2,10,11] and 
this dissertation ) so much different from the habit as predicted with well-
established theories like the Hartmann-Perdok Periodic Bond Chain ( PBC ) 
theory ? ( see e.g. [12] ) In this dissertation an attempt is made to answer 
this particular question. 
In order to study the orientation dependence of silicon crystal growth 
experimentally, in this dissertation hemispherical single crystal substrates are 
used ( see e.g. ref. [13] ). These have the advantage that a large number of 
crystallographic orientations can be studied simultaneously, under exactly the 
same experimental conditions. Because of the difference in growth rates for 
the different crystallographic orientations, during the CVD process eventually 
the hemispherical shape will become lost. Facets will develop for orientations 
which have lower growth rates than neighbouring orientations. In this dis-
sertation we shall study the development of such facets as a function of the 
parameters which are of importance in CVD with the Si-H-Cl system, viz. 
temperature, supersaturation of the gas phase, chlorine-hydrogen ratio in the 
gas phase and total pressure in the growth system. 
Together with a detailed description of the experimental methods, in 
chapter 2 the most important experimental results are reported. It is found 
that only faces with indices { h h к } are stable. On the basis of the different 
behaviour as a function of experimental conditions, these faces are divided 
into { h h к } h > f c and { h h к }к<к faces. The { 1 1 1 } and the { 0 0 1 } 
faces have to be considered seperately. 
One of the main theses of this dissertation is introduced in chapter 2, 
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viz: to describe fundamental surface processes in silicon CVD it is not correct 
to use broken bond models of the surface structure, because, eis a result of 
reconstruction and relaxation processes, the positions and bonding configura­
tions of atoms in silicon surfaces will be different from those in the bulk of the 
crystal. This makes a prediction of the crystal habit of silicon very difficult, 
because, as long as the basic interactions which lead to these surface recon­
structions are not known exactly, the energetically most favourable atomic 
configuration of less frequently studied orientations, especially those of high 
index, cannot be investigated a priori. In chapters 3 and 7 we discuss recon­
struction models for the { h h к } surfaces, which include the formation of 
new bonds between surface atoms, the so-called "dimer bonds". In chapters 
5 and 6 it is demonstrated that these dimer bonds remain stable even under 
CVD conditions, provided that the supersaturation of the gas phase is not 
too high. 
Besides reconstruction, adsorption of species from the CVD gas mixtures 
also is an essential factor, which has to be included in the interpretation of 
the crystal habit of silicon. For instance, in chapter 2 it is found that the faces 
with indices { h h к }к<к are stable only above a certain critical temperature. 
Below this temperature these faces disappear and only macroscopic steps are 
observed on the corresponding parts of the hemispheres. In chapter 3 this 
temperature effect is interpreted as the result of an adsorption process, which 
changes the shape of the polar plot of the surface tension of silicon faces in 
such a way, that the { 1 1 3 } orientations, which are part of the family 
{ h h к }h<k , are predicted to be unstable with respect to the formation 
of macroscopic steps above a certain critical adsórbate coverage. We shall 
call this phenomenon chemical roughening. In chapters 4 and 8 it is argued 
that CI and Η are the adsorbates which are responsible for this destabilizing 
effect on the { h h к }н<к faces, because the critical temperature depends 
on the chlorine-hydrogen ratio in the gas phase and on the total pressure in 
the growth system. 
In contrast to the effect on the { h h к }h<k faces, the { h h к }h>k 
and the { 0 0 1 } faces are stabilized by CI adsorption. This is discussed in 
chapter 8, where it is shown that the thermal roughening of these faces, as 
discussed in chapter 7, is a combination of the desorption of CI and a pure 
surface roughening in the sense of conventional crystal growth theories. 
In addition to thermal and chemical roughening, in chapter 7 the kinetical 
roughening of silicon surfaces is discussed. A surprising experimental result 
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is tha t the kinetical roughening of the { i l l } faces is accompanied by a 
change in the orientation of growth hillocks on these faces. This effect is 
discussed in terms of the adsorption of silicon species, in particular SÌ2. In 
this discussion, the results from a theoretical study of basic ( equilibrium ) 
adsorption processes on Si ( 1 1 1 ) and Si ( 0 0 1 ) during CVD of silicon 
with SÌH4-H2 mixtures, which is presented in chapters 5 and 6, are used. 
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CHAPTER 2 
THE INFLUENCE OF TEMPERATURE 
ON THE CRYSTAL HABIT OF SILICON 
IN THE Si-H-Cl CVD SYSTEM 
I. Experimental results 
J. G. Б. Gardeniers, W. Б. J. R. Maas, R. Z. C. van Meerten and L. J. Giling 
Journal of Crystal Growth 96 (1989) 821-831. 
Abstract 
The orientation dependence of silicon crystal growth in the near-equilibrium 
Si-H-Cl-system was studied as a function of temperature by the use of hemi­
spherical single crystal substrates. All the experimentally observed faces and 
macroscopic steps belonged to one of the < 1 1 0 > zones, which demon­
strates the stability of the nearest-neighbour Periodic Bond Chains ( PBCs ). 
Dependent on the experimental conditions, several flat faces were observed, 
that have not been reported before ( { 3 3 1 } , { 5 5 1 } , { 3 3 7 } and 
{ 7 7 1 3 } ) , in addition to the faces that have been reported by several other 
authors ( { 1 1 1 }, { 1 1 0 }, { 1 1 3 } and { 0 0 1 } ). A division of the ob­
served faces into { h h к }h<k and { h h к }h>k faces is made, which is based 
on a nearest-neighbour PBC analysis. These two categories of faces behave 
differently as a function of temperature. At temperatures above ~ 1340 К the 
{ h h к }h<k parts of the < 1 1 0 > zones contain flat faces, while below this 
temperature these faces disappear and only macroscopic steps are observed. 
On the other hand, faces with indices { h h к }h>k were found to become 
less important or even disappear from the near-equilibrium growth form at 
higher temperatures. 
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1. I n t r o d u c t i o n 
Several authors have reported on the orientation dependence of the silicon 
crystal growth rate in Chemical Vapour Deposition ( CVD ) [1-4]. Their 
studies, however, all concerned one particular set of gas phase parameters 
ρ, Τ and composition. None of the above-mentioned authors discussed the 
influence of these parameters on the crystal growth shape. Very recently 
Bradbury et al. reported that the growth rate of the { 1 1 0 } faces increases 
relative to that of the { 0 0 1 } faces at a higher HCl concentration in a SiH*-
H2-HCI mixture [5], demonstrating that these rates and their ratio depend on 
the gas phase chemistry. 
The use of hemispherical substrates was demonstrated by Hollan and 
Schiller to be a very powerful method to study the anisotropy of crystal growth 
rates in CVD [6]. In this paper this method is used to study the influence of 
temperature on the growth form of silicon. This is done for temperatures at 
which monocrystalline epitaxial deposition is possible at atmospheric pressure 
in the Si-H-Cl system, i.e. above approximately 900°C. In this paper the 
experimental results will be summarized and briefly discussed on the hand of 
the PBC analysis of the diamond structure by Hartmann [7]. An explanation 
of the observed temperature effects is the subject of the companion paper [8]. 
2. Exper imenta l 
To obtain well-denned gas phase conditions, the near-equilibrium growth sys­
tem described by Bloem et al. [9] was used. This system permits the calcu­
lation or estimation of a number of parameters: Equilibrium calculations are 
used to determine the amount of silicon that can be present in equilibrium 
with solid silicon in a gas mixture of a certain temperature and pressure and 
with a certain chlorine-hydrogen ratio; this equilibrium amount of silicon in 
the gas phase is often called the "silicon solubility" [9]. In the growth process, 
an input gas composition is chosen which has a silicon content only slightly 
larger than the calculated equilibrium content. In a reactor where several 
substrates are placed one after another in the direction of the gas flow, a tem­
perature gradient is applied to counterbalance the depletion of silicon in the 
gas phase. This method works well because the silicon solubility is strongly 
temperature dependent. It can be shown [9] that in the above way the super-
saturation of the gas phase at any substrate is well-defined. Because of the 
low supersaturations achieved in this way, no deposition of silicon takes place 
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on the quartz parts of the reactor tube. 
The CVD-system used in this study was essentially the same as the one 
described in ref. [9], except for a smaller reactor tube (inner diameter 14 mm). 
Instead of furnace heating, RF-induction heating of a graphite cylinder which 
surrounded the quartz reactor tube was used. The hot zone of the reactor 
was about 23 cm. A temperature gradient of 5 К c m - 1 was used. 
The gases used were: SÌH2CI2 ( Matheson, El.gr. ), HCl ( Matheson, 
El.gr. ) and H2 ( Hoek Loos, purified to a water content below 0.1 ppm ). 
All experiments were carried out at atmospheric pressure and a total gas now 
of 400 seem, which gives a gas velocity of about 20 cm s - 1 at the growth 
temperature. Just before the start of the growth experiments, an in situ HCl 
etch was performed with 0.5% HCl in H2 for 5 min at temperatures above 
1050 0C. It was checked that this procedure gives orientation-independent 
etch velocities, without the formation of etch pits. 
The substrates used were hemispheres of 6 ± 0.1 mm diameter ground 
from large pieces of η-type Sb-doped ( 2 1 - 3 0 flcm ) Czochralski-grown 
monocrystalline silicon. The hemispheres were polished with diamond paste 
till a mirror-smooth surface was obtained. After thorough cleaning, they were 
chemically polished in a 1:9 HF-HNO3 mixture, and just before the growth ex­
periment immersed in a 48% HF solution for about 30 s. These wet-chemical 
etching procedures have shown to be orientation-independent [10]. 
To bring the incoming gas into a near-equilibrium state [9] a number of 
9 x 9 mm 2 pieces of silicon were used, which were placed upstream of the 
hemispherical substrates. These pieces were cut from wafers with { 0 0 1 } 
orientation ( 20-off ), p-type conductivity ( 6 - 1 0 Пет, boron-doped ), and 
were treated in the same way as the hemispheres, as far as cleaning and 
etching was concerned. 
Normally growth times of 2 h were used, which resulted in epitaxial 
layers of on the average 30 μιη on the { 0 0 1 } ( 2°-off ) substrates. Some 
experiments were done with variable growth times, in order to study the 
evolution of morphological features during growth. 
After growth the hemispheres were studied by phase-contrast microscopy; 
angles between faces were measured with a goniometer. The accuracy of angle 
measurement with this instrument is of the order of 0.1°. The grown epitaxial 
layers were η-type with carrierconcentrations of ( 1 - 2 ) χ 101 6 c m - 3 , as was 
determined by CV-measurements. 
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In the following sections we shall often refer to a socailed "standard exper­
iment" for comparison; this experiment is denned by the following conditions: 
a temperature of 1310 K, a chlorine-hydrogen ratio of 0.06, and a relative 
supersaturation of 0.043, where the relative supersaturation σ is defined as: 
<r = ( Ms.( f f),„u t - /*si(f)M„i..„„. ) / R T i 1 ) 
At "standard" growth conditions the Unear growth rate on a { 0 0 1 } ( 2°-off ) 
sample was about 0.15 μτη/ηάη. 
3. Results 
In table 1 a compilation is given of the observed faces, together with the 
experimental and calculated values of the angles of the faces with the [ 1 1 1 ] 
Table 1 
Indices of the observed flat faces and their angles 
Miller-indices 
1 1 I 
0 0 1 
{ h h к }k>k faces: 
1 1 0 
5 5 1 
3 3 1 
{ h h к }h<k faces: 
1 1 3 
3 3 7 
7 7 13 
1 1 2 
Measured angle"' 
70.5° ± 0.Г 
-54.8° ± 0.1° 
35.31° ±0.1° 
27.22° ± 0.2° 
21.9° ± 0.2° 
-29.5° ± 0.1° 
-23.5° ±0.1° 
-17.45° ±0.2° 
Not observed6) 
with [ 1 1 1 ] 
Calculated angle 
70.53° 
-54.74° 
35.26° 
27.22° 
22.00° 
-29.49° 
-23.51° 
-17.45° 
-19.47° 
ai Averaged values from goniometer measurements of at least 3 different faces 
with the same indices on the same hemisphere. 
b
'Although observed by others [3,4], never observed in this study, irrespective 
of experimental conditions. 
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direction. In the table the observed faces are divided into two categories, viz. 
{ h h к }h<k and { h h к }h>k ( see also fig. 1 ). This is done so because these 
two categories of faces show different behaviour as a function of temperature. 
Fig. 1. Stereographic projection of several diamond type crystal faces and 
zones on the ( 1 1 1 ) plane. Bold and thin Unes indicate the { h h к }h<k 
parts and the { h h к }н>к parts of the < 1 1 0 > zones respectively. The 
dotted line is drawn to outline the periphery of the projection. 
3.1. S t a n d a r d growth conditions 
Fig. 2 shows a photograph of a hemisphere, after "standard" growth condi­
tions. This figure has to be compared with the stereographic projection in 
fig. 1. As can be seen, the parts of the hemisphere outside the < 1 1 0 > 
zones have a rough appearance, caused by the presence of many small growth 
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hillocks. 
Fig. 2. 
View on top of a 
hemisphere after 
standard growth 
conditions ( see 
text ). The diameter 
of the hemisphere is 
approximately 6 mm. 
1 2 1 
1 1 2 
[ 1 1 1 ) 0 
1 1 0 ] 
2 1 1 
100/лп 
| [ Î Î 2 ] 
directions of step movement D 
Fig.3. (a) ( 1 1 1 ) top face of the hemisphere in fig. 2, which was grown at 
standard growth conditions, (b) The step directions mentioned in the text. 
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to ( 1 1 1 ) face Τ 
( 3 3 1 ) 
( 5 5 1 ) 
( 1 1 0 ) 
( 5 5 1 ) 
( 3 3 Ϊ ) 
to ( 1 1 1 ) face i 
Fig.4. Faces belonging to the { h h к }h>k part of one of the < 1 1 0 > 
zones after standard growth conditions. On the faces large growth hillocks 
are visible. Also many small hillocks can be seen on the curved parts of the 
hemispheres, i.e. on the left of the photographs. 
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The top face of the hemisphere in fig. 2 is ( 1 1 1 ), as is clear from 
the threefold symmetry. This face can be seen more clearly in the phase 
contrast microscope photograph of fig. 3; a large growth hillock can be seen, 
which is bounded by straight edges perpendicular to the < I I 2 > directions. 
This corresponds with the prediction of the slowest-moving step directions on 
{ i l l }-faces under conditions where { 0 0 1 }-(2xl)-like step reconstruction 
is likely [11-15]. All hemispheres that were used in this study showed hillocks 
bounded by curved or rough edges perpendicular to < 1 1 2 > directions after 
growth. The slope of the hillocks with respect to the ( 1 1 1 ) face as a function 
of the distance from the hillock center is not constant and was measured to 
be 0.7° on the average, which agrees well with the results of Shimbo et al. 
[16]. 
The difference in growth behaviour between { h h к }h>k faces and 
{ А А к }h<k faces can be seen from figs. 4 and 5, which show phase-contrast 
microscope photographs of the respective parts of one of the < 1 1 0 >-zones. 
The { A A it }fc>fc-region of this zone shows five flat faces: ( 3 3 1 ) > ( 5 5 1 ) , 
( 1 1 0 ), ( 5 5 Ï ) and ( 3 3 I ), while in the { A A Jfe }fc<fc regions only 
macrosteps are visible, with no clearly distinguishable flat faces. 
The ( 0 0 1 ) face shows fourfold symmetry and is bounded by straight 
edges perpendicular to the [ 1 1 0 ] and [ 1 Ï 0 ] directions ( fig. 6 ). Directly 
linked up with the ( 0 0 1 ) face, small bands consisting of very low steps 
in the < 1 1 0 >-directions are observed. The overall slope of these steps 
changes discontinuously at about 8° from ( 0 0 1 ) as is indicated in fig. 6. At 
this angle the low steps change into macroscopic steps ( the individual steps 
cannot be seen in the figure ). 
All parts of the hemisphere other than the above mentioned have a rather 
rough appearance under standard growth conditions, with many small growth 
hillocks. 
3.2. Influence of t empera tu re 
Fig. 7 shows schematic drawings of three hemispheres which were grown at 
different temperatures. For identification of the faces these pictures have to be 
compared with the stereographic projection of fig. 1. The essential changes 
in morphology which take place as a function of temperature will now be 
described in detail. 
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φ 
45° ΙΟΟμπι 
40e 
35e 
30e 
25e 
20e 
15° — 
10° — 
8° from ( 0 0 1 ) face 
( 1 1 3 ) 
( 3 3 7 ) 
edge of ( 1 1 1 ) face 
Fig.5. Macroscopic steps belonging to the { h h к }/,<* part of one of the 
< 1 1 0 > zones sifter standard growth conditions, φ is the angle with the 
( 1 1 1 ) face. 
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As the temperature increases the faces in the h> к parts of the < 1 1 0 > 
zones become smooth and their boundaries take an elliptic shape ( figs. 8 
and 7b, to be compared with figs. 4 and 7a, respectively ). With increasing 
temperature the area of the { 3 3 1 } faces becomes smaller with respect 
to that of the other faces, until these faces are no longer present at growth 
temperatures above 1375 K, while the { 5 5 1 } and { 1 1 0 } faces are still 
present. Some experiments were done at a Cl/H ratio of 0.02 and relatively 
high temperature ( 1475 К ) ( see fig. 7c ). Under these growth conditions 
the { 5 5 1 } faces have also disappeared, only the { 1 1 0 } faces remain. 
8° from ( 0 0 1 )-face 
rough surface 
/ 
Fig.6. (a) Photograph of the ( 0 0 1 ) face after standard growth conditions. 
(b) Special features. 
In the { h h к }h<fc region the effect of temperature is very prominent: 
in fig. 9 two flat faces can be observed, which are present at angles of 29.5° 
and 23.5° from the ( 1 1 1 ) top face and have the indices ( 1 1 3 ) and 
( 3 3 7 ) , respectively ( see table 1 ). These faces were not present at lower 
temperatures ( see fig. 5 ). The macrosteps at angles to the ( 1 1 1 ) top face 
larger than 29.5° have disappeared, while those for angles smaller than 23.5° 
have not. 
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Fig.7. Schematic drawings, in stereographic projection, of hemispheres grown 
at three different temperatures: (a) 1310 K, {Cl/H) = 0.06; (b) 1365 K, 
{Cl/H) = 0.06; (c) 1475 К, (С//Я) = 0.02. 
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Fig.8. Faces belonging to the { h h к }h>k part of one of the < 1 1 0 > 
zones after growth at a temperature of 1365 K. Note that the ( 3 3 1 ) and 
( 3 3 Ï ) faces are relatively small in this case. ( a ) ( 3 3 l ) ) ( 5 5 1 ) and 
( 1 1 0 ) ( only just visible on the right ), from left to right; (b) ( 1 1 0 ), in 
between ( 5 5 1 ) on the left and ( 5 5 І ) on the right; (c) ( 1 1 0 ) ( just 
visible on the left ), ( 5 5 I ) and ( 3 3 1 ) , from left to right ( note that the 
( 3 3 Î ) and ( 5 5 Î ) faces do not touch as they did in fig. 4). 
At a Cl /H ratio of 0.02 and the relatively high temperature of 1475 К 
in the h < к part of the [ 1 I 0 ]-zone in addition to ( 1 1 3 ) and ( 3 3 7 ) , 
another flat face was found at an angle of 17.4° to the ( 1 1 1 )-face ( see 
figs. 7c and 10 ). The lowest-index face with approximately this geometrical 
position would be ( 7 7 13 ). 
In fig. 11 the effect of temperature on the stepped character of the 
{ h h к }h<k region is further supported by a plot of the estimated intensities 
of goniometer reflections eis a function of the angle to [ 1 1 1 ] for hemispheres 
grown at temperatures of 1310 К ( fig. 11a ) and 1365 К ( fig. l i b ). For the 
1310 К hemisphere, closely packed stepwise reflection is observed for angles to 
[ i l l ] varying from 9.6° to 46.0°, corresponding to the macrostep patterns 
of flg. 5. This nicely demonstrates the stepped character of this region. 
For the hemisphere grown at 1365 К distinct reflections are observed at 
the angles corresponding to the ( 3 3 7 ) and ( 1 1 3 ) faces. Again stepwise 
reflection of macroscopic steps is observed, but now only from 4.4° to 22.6°, 
and from 35.2° to 41.2°. 
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φ 
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20° -
15° 
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200/ші[ 
Τ 
to ( 0 0 1 ) face 
* - ( 1 1 3 ) 
< — ( 3 3 7 ) 
macrosteps 
very low steps 
edge of 1 1 1 ) face 
Fig.9. Faces and macrosteps belonging to the { h h к }h<k part of one of the 
< 1 1 0 > zones after growth at a temperature of 1365 Κ. φ is the angle with 
the ( 1 1 1 ) face. 
It was checked by changing the growth duration of the experiments ( nor­
mally 2 h, now decreased to 30, 20 or 10 min ) that the macrostep structures 
depicted in fig. 5 are already present after the deposition of ( on the average ) 
1 to 2 μπι of silicon, which means that growth in the h < к region has not 
started with flat faces which developed into a macrostep pattern later on. 
The { 0 0 1 } faces behave somewhat different from the { h h к }h<k 
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faces just mentioned. As can be deduced from the relative areas of the faces 
represented in fig. 6 ( 1310 К ) and fig. 12 ( 1365 K), the morphological 
importance of the { 0 0 1 }-faces decreases with increasing temperatures 
( with equally large { 1 1 1 } faces at both growth temperatures ). As the 
( 0 0 1 ) face is no longer linked up with straight steps, as was the case for the 
face represented in fig. 6, its edges become round. At the growth conditions 
of the hemisphere represented in fig. 7c the { 0 0 1 } faces were only faintly 
visible. 
Fig. 10. Faces belonging to the { h h к }н<к part of one of the < 1 1 0 > 
zones after growth at a temperature of 1475 К and a chlorine-hydrogen ratio 
of 0.02. 
At the higher temperatures the parts of the hemispheres outside the 
< 1 1 0 > zones have a more or less smooth appearance, with only occasionally 
a growth hillock ( see e.g. figs. 8 and 12 ). The total area of "rough" surface 
( i.e. parts of the hemisphere that contain neither flat faces nor macrosteps ) 
has increased at higher temperatures. 
4. D i s c u s s i o n 
One of the most striking results of the experiments is that only { h h k} faces 
are found, as can be seen from table 1, which means that all faces belong to 
one of the < 1 1 0 > zones ( see also fig. 1 ). Following the Periodic Bond 
Chain ( Ρ ВС ) analysis of the silicon crystal structure of Hartmann [7], we 
can divide the [ 1 Î 0 ] zone into two categories of faces: 
a. all faces in this zone between ( 1 1 1 ) and ( 0 0 1 ) are kinked (K) faces; 
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reflection intensity reflection intensity 
( 0 0 1 ) 
-5 0 5 10 15 20 26 30 35 40 45 50 55 
( 1 1 1 ) ( 1 1 3 
( 3 3 7 ) 
( 0 0 1 ) 
-5 0 5 10 15 20 25 30 35 40 45 50 55 
Fig.11. Plots of the goniometer reflection intensity as a function of the angle 
φ with [ 1 1 1 ] in the [ 1 Î 0 ] zone, to demonstrate the macrostep character 
of the { h h к }h<k faces, (a) 1310 K; (b) 1365 K. 
( 0 0 1 ) face 
> rough surface 
macrosteps 
Fig. 12. 
Photograph of the 
( 0 0 1 ) face after 
growth at 1365 K. 
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we shall call these faces the { h h к }н<к faces. 
Ъ. all faces in this zone between ( 1 1 1 ) and ( 1 1 0 ) are stepped (S) faces; 
we shall call these the { h h к }h>k faces. 
From this first-order PBC analysis the only flat (F) face is ( 1 1 1 ), while 
( 0 0 1 ) should be called an 5/Ä'face [17]. 
Note however that we find a very clear discrepancy between the PBC the-
ory mentioned above and the experimental results: faces which are predicted 
to be 5 faces turn out to grow as fiat faces, while faces which are expected to 
be of К type appear as macroscopic steps, at least at the lower temperatures. 
Furthermore the general observation is that { h h к }h>fc faces disappear at 
higher temperatures, while it is found that { h h к }н<к faces become more 
stable at higher temperatures. 
From the above we conclude that the < 1 1 0 > PBCs are the basic 
elements of all stable silicon surfaces. In order to explain the other flat faces 
that appear next to the { 1 1 1 } faces, we have to assume that on these 
faces some interactions between these PBCs are present, which lead to the 
formation of stable "connected nets" [18]. From the results of a PBC analysis 
including up to third neighbour interactions in the bulk crystal lattice of 
silicon not all the observed flat faces can be explained [7,19]. Therefore we 
presume that the interactions needed are only present at the surfaces. In a 
forthcoming paper [8] we shall show that the dimer reconstruction, which was 
demonstrated by Giling and van Enckevort [17] to be responsible for the layer 
by layer growth on Si ( 0 0 1 ), can also be used to explain the stability of 
the { 1 1 3 } faces at higher temperatures. Furthermore we shall show that 
the temperature influence on the stability of this face can be understood by 
consideration of the effect of adsorption on the surface tension of faces in the 
< 1 1 0 > zones. 
5. S u m m a r y 
A hot-wall Si-H-Cl CVD system was used for epitaxial growth under near-
equilibrium conditions [9] on hemispherical single crystal substrates. The 
experimental results can be summarized as follows: 
1. Besides the flat faces already reported by others [1-4], which are { i l l } , 
{ 1 1 0 } , { 0 0 1 } and { 1 1 3 } , several flat high-index faces were found, 
viz. { 3 3 1 } , { 5 5 1 } , { 3 3 7 } and { 7 7 13}, that have never been 
reported before for growth in silicon CVD systems. 
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2. The occurrence of flat faces with indices { h h к }h<k is strongly de­
pendent on temperature: below about 1340 К the faces { 3 3 7 } and 
{ 1 1 3 } were not observed; instead of these flat faces macroscopic steps 
were present. The { 7 7 13 } faces were only observed at relatively high 
temperatures, about 1475 K. At these high temperatures the { 3 3 1 } 
and { 5 5 1 } faces were not present, while the { 0 0 1 } faces were only 
faintly visible. 
3. Only in the < 1 1 0 > zones faces and macroscopic steps were observed. 
It is presumed that the existence of faces with the above-mentioned indices 
can only be explained by surface interactions. Candidates for this may be the 
dimer reconstruction as present on { 0 0 1 }. A discussion of the observed 
temperature effects will be given in part II [8]. 
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CHAPTER 3 
THE INFLUENCE OF TEMPERATURE 
ON THE CRYSTAL HABIT OF SILICON 
IN THE Si-H-Cl CVD SYSTEM 
II. Surface tension of faces in the ( 1 1 0 ) zones 
J. G. E. Gardeniers, W. E. J. R. Maas, R. Z. C. van Meerten and L. J. Giling 
Journal of Crystal Growth 96 (1989) 8S2-842. 
Abstract 
In part I, the authors reported on the appearance of a number of flat faces 
with indices { h h к } after growth on hemispherical substrates. Of these 
faces, those with indices { h h к }н>к were found to disappear at higher tem­
perature, while those with indices { h h к }h<k only appear above a certain 
critical temperature. In this paper an interpretation of this phenomenon is 
given based on polar plots of surface tension versus crystallographic orienta­
tion, including the effects of dimer-like surface reconstructions and hydrogen 
adsorption. With the use of these plots it is possible to explain the observed 
temperature effects. The main result is that the faces in the { h h к }h<k part 
of the < 1 1 0 > zone, particularly { 1 1 3 }, on the one hand will be stabilized 
by surface reconstruction, but on the other hand they will be destabilized by 
adsorption. 
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1. Int roduct ion 
In part I, it was reported that after growth in the Si-H-Cl CVD system on 
hemispherical single crystal substrates of silicon, the following fiat faces ap-
pear: { 1 1 1 }, { 0 0 1 >, { 1 1 0 }, { 1 1 3 }, { 3 3 1 }, { 5 5 1 }, 
{ 3 3 7 } , and { 7 7 13 }. Of these faces those with indices { h h к }h<k, 
except { 0 0 1 } , were found only at temperatures above 1340 K; at lower tem­
peratures macroscopic steps are found in positions on the hemispheres which 
correspond to these faces. On the other hand, faces with indices { h h к }h>k, 
except { 1 1 0 } , were found to disappear from the near-equilibrium growth 
form at higher temperatures. In this paper we shall give an explanation of 
these temperature effects. 
Crystal faces which correspond to cusped minima in a polar plot of surface 
tension 7 ( " Wulff-plot", see e.g. ref. [2] ) will grow layer by layer because on 
such faces the step free energy is non-zero. The " surface tension" 7 is defined 
as the reversible work required to create unit area of surface by separation of 
planes ( e.g. by cleavage ). At moderate driving forces, and in the absence of 
dislocations, the rate of growth R of a face at an angle φ, which is slightly mis-
oriented from a face of low surface tension at the angle φο, is only determined 
by the propagation of steps due to the misorientation. This means that R will 
be proportional to tan \φ — φο\, which leads to an approximately V-shaped 
cusp at the angle φο in the polar plot of R [3]. So similarities between the 
polar plots of R and 7 are to be expected. 
In the light of the above it would be useful to have some knowledge 
on the polar plot of surface tension. As no experimental 7-plot of silicon is 
available, we shall try to gain some insight from estimations based on very 
simple bonding models. The strategy will be as follows: 
0. First the socalled "broken bond" case will be discussed, which results 
from a model in which only nearest-neighbour interactions ( covalent 
bonds ) are considered. This is a model in which a surface of a specific 
crystallographic orientation is simply considered as a cut through the 
crystal, along that crystallographic plane. 
6. Secondly, relaxation and reconstruction will be taken into account. It 
is known that surface atoms, because of a different symmetry compared 
to crystal bulk atoms and a lack of neighbours in the direction normal 
to the surface, may undergo displacements in a way that is not possible 
in the bulk. This is called relaxation. At the present state of scientific 
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knowledge it is not possible to predict a priori for all faces how relaxation 
may occur as a function of environmental conditions. Only for a few 
specific orientations, mostly of low-index, ab initio calculations have been 
performed ( see e.g. ref. [4] ). Reconstruction, on the other hand, differs 
from relaxation in that the displaced atoms also form new chemical bonds. 
As the reconstruction in the form of dimer bonding of surface atoms га 
present on Si { 0 0 1 } may lead to extra bonds in the surface layers 
( and thus to extra Periodic Bond Chains, PBCs [5] ) and likewise to 
a reduction of the number of dangling bonds, we shall also consider the 
effect of such a surface dimer bonding on the polar plot of surface tension. 
с Finally, the effects of adsorption on the estimated 7-plots will be con­
sidered. As has been pointed out before by several authors ( see e.g. 
refs. [6-9] ), the shape of the 7-plot will change as a result of adsorption; 
e.g. the cusps in the 7-plot, which occur for stable, flat faces, may become 
more or less pronounced, dependent on whether the adsorption at step 
terraces or step edges is preferred, respectively [7-9]. From these effects 
the experimental results on the stability effaces in the { А А к }н<к region 
as a function of temperature in the Si-H-Cl system [1] will be discussed. 
2. T h e "broken bond" case 
Following the approach of refs. [10-13], we shall consider the 7-plot resulting 
from a "broken bond" view of the diamond type crystal structure, i.e. we shall 
assume 7 to be proportional to the "density of dangling bonds" that results 
after cleavage of the crystal along a specific crystallographic plane. For the 
silicon crystal structure such a three-dimensional 7-plot will consist of parts 
of six spheres, tangential at the origin of the plot, and centered at positions 
t h a t correspond to the six vertices of an octahedron [14]. Eight absolute 
minima exist, at geometrical positions corresponding to { 1 1 1 } faces. Every 
minimum is connected to three others by grooves, which correspond to the 
{ h h к }h>k parts of the < 1 1 0 > zones. The { h h к }h<k parts of 
these zones correspond to maxima in the plot, with absolute maxima for the 
{ 0 0 1 } faces. 
A remarkable result of the sphere experiments presented in ref. [1] is that 
next to the { 1 1 1 }-faces, other stable faces of the type { h h к } developed. 
One reason for this is the high stability of the < 1 1 0 > PBCs, which consist 
of nearest-neighbour covalent bonding only [15]: all faces containing this P B C 
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Fig.l. Projections on ( 1 ï 0 ) of slices of several faces that are of interest to 
our discussion. For the ( 1 1 3 ) , ( 1 1 5 ) and ( 0 0 1 )-faces the two different 
configurations of dime г bonding discussed in the text are indicated by Κ,χ 
and H//. The classification of the faces in different regions as discussed in the 
text is indicated by А, В and C. 
obviously have low relative growth rates, which makes them apparent after 
crystal growth on convex substrates. However, from the three dimensional 
dangling bond density plot mentioned above, the { А А к }н<к region of this 
zone is not expected to have a low surface tension, as in theory all these 
33 
faces are К faces. Obviously some surface stabilizing effects are active in this 
region. These will be discussed in the next paragraph. 
( I l l ) 
( 0 0 1 ) 
( Î Ì 3 ) Fig.2. 
Dangling Bond Densities of silicon 
faces in the [ 11 0 ] zone according to 
the broken bond model. As a refer- ( * [} I 
enee фт = 0 is taken; in the figure 
г = 7 S/CQ ( see eq. (1) ). Broken 
lines are drawn to outline the differ­
ent regions of faces as defined in the 
text. ( 0 0 1 ) 
f 1 1 1 ) ( Ï I 3 ) 
As only { h h к } faces have been found, it is reasonable to consider only 
projections of the crystal structure along the [ 1 Ï 0 ] PBC, which means that 
the analysis can be confined to one angle, say φ, to describe the orientation 
dependence, and simple mathematical expressions can be used. Fig. 1 shows 
such projections for some of the faces that are of interest in this discussion. 
The details of this figure will be discussed in the following paragraph. 
For the broken bond model of the diamond crystal structure at 0 K, with 
the methods of Rottmann and Wortis [12], the surface tension 70 ( in J m - 2 ) 
as a function of φ relative to [ 1 1 I ] in the [ 1 I 0 ] zone is given by the 
equation: 
7oM = »I cos( φ ) — axn( φ ) tan( a ) + si η(φ) sin{ a ) (1) 
where eo is the ( covalent ) bond energy, S = ^ З a2 ( a is the lattice 
parameter ), and a = cos - 1 ( 3 ) is the angle between the ( i l l ) and 
( 1 1 1 ) faces. In this equation the faces are considered as being composed 
of sets of parallel, atomically straight steps of infinite length in the [ 1 I 0 ] 
direction. 
As an example we can calculate the surface tension for the stable { 1 1 1 } 
faces of silicon: we take ¿o = 2.34 eV per broken bond and a = 0.543 nm, 
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so that according to eq. (1) the surface tension 70 ( от rather: the cleavage 
energy in vacuum ) of the Si { 1 1 1 } faces ( which have angles φ = 0 
and φ = α ) amounts to 1.47 J m - 3 . This value has to be compared with 
experimental values of 1.14 J m ~ 2 [16] and 1.23 J m ~ 2 [17]. The discrepancy 
between these values and the calculated result might well be explained by a 
reduction of surface tension due to the well-known surface relaxations of the 
Si ( 1 1 1 ) face, ( 7 x 7 ) and ( 2 x 1 ) ( s e e e.g. refs. [4,18] ), which may lead 
to a total-energy benefit of approximately 0.5 eV per surface atom [13]. 
From this example it is clear that a correction for relaxation might be 
important for other faces also. Because of a lack of knowledge of how t o 
apply this effect in the general case, we shall leave this correction out of our 
discussions. 
Y V "tJ" V v >°^  « 
\р f Ч^  (^ >o о^ 
Fig.3. Projections of atom rows in the [ 1 Ï 0 ]-directions of three different 
kinds: (I) complete [ 1 Ï 0 ] PBC; (II) broken PBC, showing the arrangement 
of dangling bonds that may be involved in dimer reconstruction; (III) same 
as (II), after dimer reconstruction. 
In fig. 2 the term 70 S/CQ from eq. (1) is plotted as a function of φ relative 
to the [ 1 1 1 ] direction in the [ 1 1 0 ] zone ( the subdivision of this figure 
in regions А, В and C, as indicated by the dotted lines, will be treated in the 
next section ). 
It appears from this figure that only at angles φ corresponding to { 1 1 1 } 
faces cusped minima in 70 exist, which means that only these faces are ex­
pected to exist as flat faces on the equilibrium crystal shape. As the experi­
mental crystal shape as discussed in [1] ( though not at equilibrium conditions, 
but at near-equilibrium growth conditions ) showed many flat faces, we have 
to conclude t h a t the broken bond model gives a too simple description of the 
[ 0 0 1 ] 
J 
[ H O ] 
Θ — — 
[1Í0] 
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7-plot of silicon. In the next paragraph we will try to improve our estimations 
of the 7-plot by including reconstruction effects. 
3. The surface-reconstructed case 
As was discussed by Giling and van Enckevort [5] the layer by layer growth of 
the Si { 0 0 1 } faces can only be explained when the dimer reconstruction as 
observed with LEED and other UHV techniques is taken into account. This 
reconstruction will lead to extra bonds in the surface layer of these faces, 
thereby contributing to the stability of the corresponding two-dimensional 
"connected net" ( see e.g. refs. [3,19] ). As in general dimer bonding will 
lead to a reduction of the dangling bond density, dimer bonding can lead to 
a reduction of 7. To study the effect of such reconstructions on the dangling 
bond density of silicon surfaces, the following assumptions are made: 
t. Whenever along a certain crystallographic plane the dangling bonds of 
two neighbouring atoms on a surface have the same geometrical arrange­
ment a s o n { 0 0 1 } a dimer bond will be formed. 
и. However, one surface atom can form one dimer bond at most. 
For faces in the [ 1 I 0 ] zone two conGgurations of dimer bonding are possible, 
viz. parallel or perpendicular to the [ 1 Ï 0 ] PBCs. This is indicated in fig. 1. 
For the configuration of dimer bonds parallel to the PBCs, indicated by Ry / 
in the figure, the dimer bonds cannot be seen because they are perpendic-
ular to the plane of drawing, but their arrangement after a 90° rotation is 
shown in fig. 3, indicated by III. In fig. 1 the configuration of dimer bonding 
perpendicular to the [ 1 I 0 ] PBCs is indicated by Rj . . 
Dependent on the number of adjacent rows of atoms with two dangling 
bonds ( complete [ 1 Ï 0 ] PBCs, see fig. 3, case III ), the [ 1 1 0 ] zone may 
be divided into three regions: 
Region Α.: φιιο < φ < фщ ( and parts of the zone which are equal because 
of symmetry ): the atoms on these faces cannot form dimers. 
Region В: ^ ш < φ < фца, ( and symmetry-related parts of the zone ): these 
surfaces can be considered to be built from small pieces of { 0 0 1 } surface 
and { 1 1 1 } surface, where the { 0 0 1 } part consists of at most one row of 
atoms with two dangling bonds ( see the framed part of the ( 1 1 3 ) projection 
in fig. 1 ). 
Region С: ^ ц з < φ < φοοι ( and symmetry-related parts of the zone ): these 
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can also be built from { 0 0 1 } and { 1 1 1 }-surfaces, however in this region 
the { 0 0 1 } part always contains more than one row of atoms with two 
dangling bonds ( see the framed part of the ( 1 1 5 ) projection in fig. 1 ). 
The essential difference between the faces of regions В and С is clear when 
the dimer bonding perpendicular to the PBCs is considered: of every three 
dangling bonds that are present in the broken bond configuration on faces in 
region B, after reconstruction only one dangling bond remains. This can be 
seen in the projection of the ( 1 1 3 ) face in fig. 1. On the other hand, for 
faces in region С the reduction of the number of those dangling bonds, which 
can be involved in dimer bonding, is 50 % at most. For example, after dimer 
formation on the ( 1 1 5 ) face in fig. 1, of every 5 dangling bonds only 3 
remain, and on the ( 0 0 1 ) face of every 4 dangling bonds 2 remain. Thus 
it follows that on faces of region В the special arrangement of surface atoms 
with two dangling bonds results in an extremely low dangling bond density 
after this kind of dimer reconstruction. ( 1 1 3 ) 
Fig.4. 
Estimated surface tensions 
of faces in the [ 1 Ï 0]-zone, 
when dimer bonding and 
strain corrections are taken 
into account ( see text ). 
Broken Unes correspond to 
dimer bonding perpendicu-
lar to PBCs, solid lines to 
dimer bonding parallel to 
PBCs. For region A both 
plots coincide. 
( 0 0 1 ) 
\ 
( Ï Ì 3 ) 
( l u ) 
( m 
( u s ; 
( ï ï Ï ) 
( 0 0 1 ) 
( Ι ι 3 ) 
On the contrary, if the dimer configuration parallel to the [ 1 1 0 ] PBCs 
is considered, for the faces in both regions В and С after dimer reconstruction 
only 50 % of the dangling bonds that can be involved in dimer formation will 
remain. 
The formation of surface dimer bonds will introduce strain in the surface 
layers. This will partially counterbalance above discussed reduction of surface 
tension. For the geometry of the dimer bonds as present on the ( 0 0 1 ) 
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surface we can estimate this contribution from published data of the energy 
gain upon dimer formation: of every 4 dangling bonds on the ideal surface, 
corresponding to a total ( cleavage ) energy of 4.68 eV, after reconstruction 
two dangling bonds plus one dimer bond remain. According to ref. [20] this 
lowers the total energy of the configuration with 1.7 eV. Of the remaining 
cleavage energy ( 2.98 eV ) 2.34 eV can be attributed to the presence of two 
dangling bonds, so that for the increase of the cleavage energy due to strain 
an energy amount of 0.64 eV per dimer bond can be derived. 
When all other bond lengths are assumed to remain equal to the bulk 
bond length, and only displacements in the surface layer are allowed, it is 
found that for reasons of geometry the length of a dimer bond as present on 
the ( 1 1 3 ) face ( see Rj. in fig. 1 ) must be at least 0.265 nm, compared 
to a bulk bond length of 0.235 nm. Therefore we assume that the strain 
contribution in this dimer bond will be somewhat larger than that in the one 
on ( 0 0 1 ), also because of a somewhat larger bond-angle strain [21]. No data 
on the energy gain during the formation of this configuration are available, 
therefore we estimate the contribution to the cleavage energy due to strain in 
this case to be approximately equal to the contribution of one dangling bond, 
i.e. 1.17 eV. 
When the above considerations are included in the estimation of Ί(Φ) for 
faces in the [ 1 I 0 ] zone, fig. 4 results. It can be seen that for dimer bonding 
perpendicular to the PBCs we have arrived at a plot which contains cusped 
minima for the { 1 1 1 }, { 1 1 3 }, as well as the { 0 0 1 } faces. The plot for 
dimer bonding parallel to the PBCs, on the other hand, contains cusps only 
for the { 0 0 1 } and { 1 1 1 } faces. It can also be seen that for all faces the 
perpendicular dimer configuration gives the lower surface tension ( except of 
course for region A, and for the { 0 0 1 } faces ), despite the larger strain 
contribution which is assumed in this estimation. Therefore we will assume 
that the perpendicular configuration is favoured above the parallel one, and 
use the values of 7 for the perpendicular configuration. 
With the estimations in this paragraph it can be shown that in the three 
dimensional 7-plot all orientations in the < 1 1 0 > zones correspond to 
minima in surface tension, i.e. the < 11 0 > zones correspond to grooves in the 
three-dimensional 7-plot. We will not discuss this any further, but given the 
above estimations of surface tension contributions for separate dimer bonds, 
the derivation of the three-dimensional 7-plot is rather straightforward. 
Summarizing the results of this paragraph, we conclude from fig. 4 that, 
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next to the { 1 1 1 } faces which presence was already established from the 
broken bond plot of fig. 2, also the { 0 0 1 } and { 1 1 3 } faces will be flat 
faces on the silicon crystal. 
Comparison of the flat faces resulting from fig. 4 and those reported in 
ref. [l] shows that the 7-plot cannot explain all experimentally found flat 
faces. But as will be clear in the next section, this plot can serve as a good 
starting point for the discussion of the observed temperature dependence of 
the stability of the { h h к }н<к faces, and especially the { 1 1 3 } faces. 
From our experimental results [1] it became apparent that the temper­
ature has a significant influence on the stability of faces in the < 1 1 0 > 
zones, notably on the stability of faces belonging to region B. From the ob­
served temperature dependence of the presence of faces of region В ( at higher 
temperatures more flat faces appear on the hemispheres ), we do not expect 
these effects to be caused by intrinsic thermal changes in the surfaces, because 
generally higher temperatures lead to order-disorder transitions, which causes 
faces to disappear from crystals at higher temperatures, a phenomenon which 
is called "thermal roughening", see e.g. refe. [3,12,19,22]. Therefore we con­
clude that the observed temperature effects for faces in region В are related 
to the adsorption of gas phase species. 
4. Influence of adsorption on the surface tension of faces in t h e 
< 1 1 0 > -zones 
The way in which gas phase species affect the surface stability is via adsorp­
tion. A simple relation between surface tension 7 and adsorption at constant 
temperature ( the "Gibbs adsorption isotherm" ) can be derived from ther­
modynamic principles [6]: 
m 
ά
Ί
=-ΣΓ,·*Ν (2) 
3 = 1 
in which m is the total number of adsorbing species, μ^ is the chemical po­
tential of species j , and Г y is the surface excess of species j , which is ap­
proximately equal to the surface density of the jth substance [6,9,23]. If one 
considers a solid surface in equilibrium with an ideal gas mixture, at constant 
temperature T, this equation can be written as [6]: 
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аі
 = -
к
Т±Г,^і (3) 
in which Г y is expressed in gas molecules per unit area, and py is the par­
tial pressure of species j ; к is Boltzmann's constant. To study the effect of 
adsorption on surface tension more precisely, an analytical relation between 
Г у and pj is required. For this we choose the Langmuir isotherm ( see e.g. 
refs. [24,25] ): 
Г, = * Л = \ Р з 4 (4) 
1 + ^КіРі 
»=ι 
in which 9 is the number of adsorption sites per unit area, which is dependent 
on the crystallographic orientation of the surface under consideration. Kj and 
Oj are the adsorption equilibrium constant and the surface coverage of species 
j , respectively. Integration of (3), after the substitution of (4), leads to: 
7 - 7* = - * Τ q In | 1 + J T Kj p3\ = k Τ q In Θ. (5) 
in which 9. stands for the fraction of empty surface sites and 7* for the surface 
tension of the adsorbate-free surface. 
As an example the effect of the adsorption of atomic hydrogen on the 
7 plot of fig. 4 will be discussed. As adsorption sites we shall consider the 
dangling bonds that remain after surface reconstruction. This means that for 
the adsorption of atomic hydrogen the parameter q in eq. (5) is taken equal to 
the dangling bond density after dimer formation perpendicular to the [ 1 I 0 ] 
PBCs. Fig. 5 gives a polar plot of this adsorption site density. The adsorption 
sites will be assumed energetically equal for every crystallographic orientation, 
and the thermodynamic data for adsorption will be assumed independent of 
surface coverage. Considering the large uncertainties in adsorption thermo­
dynamic data, especially in the heats of adsorption, we think that it is not 
meaningful to include corrections for, e.g., suppression of surface relaxations 
or small changes induced in dimer geometry upon adsorption. 
The adsorption proces that we want to consider here can be expressed 
by the following chemical equilibrium: 
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2 H^ga, + * H, adsorbed (6) 
in which * stands for an empty adsorption site. For this case eq. (5) can be 
rewritten as: 
Ί(Φ) - ΊΛΦ) =-ЬТ
 Ч
(Ф) in ι + к
н
 ν/ρ]?: (7) 
Неге Кн is the equilibrium constant belonging to the equilibrium reaction 
(6), and is defined in the conventional way; ряз is the pressure of hydrogen. 
The other symbob have the same meaning as in eqs. (3), (4) and (5); the 
orientation dependent parameters are indicated by [φ). 
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of faces in the [ 1 1 0 ]-zone. sorption data given in the text. 
For the above equilibrium reaction we take as an example changes in 
enthalpy and entropy of —75 к J m o l - 1 and —62 J K - 1 m o l - 1 respectively 
( both at 298 К and 1 atm ) [25,26]. Fig. 6 gives a plot of the resulting hy­
drogen coverage, # # , and the fraction of empty surface sites, β», as a function 
of temperature T, at a hydrogen pressure of 1 atm. 
For these adsorption data and reconstruction data from [20], the dimer 
bonds formed by reconstruction of surface atoms will not be broken in hydro­
gen at atmospheric pressure, because the enthalpy benefit that would result 
from the formation of two silicon-hydrogen covalent bonds is not enough to 
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break the surface dimer bond. Indeed, it was reported [27,28] that hydrogen 
adsorption on the Si ( 0 0 1 ) surface at approximately 250° С ( though at a 
very low hydrogen pressure ) preserves the (2 x l)-reconstruction. 
( 0 0 1 ) 
Fig.7. 
Estimated surface tensions of 
faces in the [ 1 I 0]-zone, 
when H adsorption is taken 
into account, 
for several values of 
Τ ¡η { 1 + KH λ/ρ^7 }; 
line a: 6000; line b: 4000; 
line c: 2000 and line d: 0, 
i.e. no adsorption. 
( I 1 3 
( H I ) 
1 1 3 ) 
( Ϊ Ϊ 3 ) 
With the use of the data in figs. 4 and 5 and eq. (7) the decrease in surface 
tension as a function of the orientation parameter φ and as a function of the 
temperature Τ can be calculated. The resulting reduced surface tensions are 
shown in fig. 7 for four different values of the term 
- Τ In Θ. = Τ In { 1 + К
н
 ^ р ^ - }. 
This parameter is chosen to give the discussion a more general character: if 
on the silicon surface an adsórbate is present with an adsorption constant 
different from that of hydrogen, the adsorption coverage will in general show 
a similar temperature dependence as outlined in fig. 6, except that the tem-
perature scale will be different. For this adsórbate the same reduction of the 
surface tension will occur if the term Τ In Θ* in eq. (5) is the same as for 
hydrogen. With the information in fig. 7 it will be possible to explain the 
experimentally observed temperature dependence for faces in region B. We 
will discuss this figure in the following section. 
5. Theory versus experimental results 
As is clear from eq. (7) and fig. 7, the general effect of Η adsorption is that the 
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surface tension 7 is reduced for all crystallographic orientations. At a higher 
H coverage, i.e. at a lower temperature, this effect is more pronounced. 
However, it is abo clear from fig. 7 that a reduction of surface tension 
does not imply that α priori fiat faces become more stable. This can be 
illustrated by an examination of the cusp for the ( 1 1 3 ) face. It can be 
seen in the figure that as a function of temperature ( i.e. as a function of 
hydrogen coverage ) either an inward or an outward pointing cusp is present 
at фаз, which means that as a function of temperature the ( 1 1 3 ) face may 
or may not belong to the equilibrium crystal shape of silicon, as obtained by 
the Wulff-construction ( see e.g. ref. [2] ). The origin of this transition lies in 
the special character of the adsorption site density as a function of φ. As can 
be seen in fig. 5, this density has a minimum at $113, which means that the 
adsorption-induced reduction of the surface tension is more pronounced, the 
more a certain face is misoriented from ( 1 1 3 ) . 
5.1. { I l l } , { 1 1 3 } and { 0 0 1 } faces 
We shall now investigate the effect of adsorption on the cusps in fig. 4 in more 
detail. We shall do this with theaid of the equation: 
Ί(Φ) = Ί(Φο) COS( φ-φο) + 1 ψ ί sin\ φ-φο\ (8) 
This equation gives the surface tension of faces at angles φ, which are only 
slightly misoriented from a flat face at angle φο\ d is the height of a step 
parallel to the [ 1 I 0 ] direction, which has a step free energy '•¡»tep· In this 
case d = a/2, where α is the lattice parameter. With 7(^) and 7(^0) known 
( see figs. 4 and 7 ), it is now possible to calculate the step free energy with 
and without adsorption. As a parameter to describe the degree of adsorption 
we will use the term Τ In { 1 + Кн у/Рн, } from eq. (7). The results are 
shown in figs. 8 and 9. It can be concluded from this figure that: 
(a) As at all values of Τ In { 1 + Кц ^/рні } between 0 and 6000 the step 
free energy is positive, the { 1 1 1 } faces will grow as flat faces at all 
coverages ( see e.g. ref. [8] ). 
(b) For the same reasons as in α the { 0 0 1 } faces will also be flat faces at all 
coverages; from the increase in step free energy it can be concluded that 
at higher coverages ( i.e. at higher values of Γ In { 1 + Кн у/рн? }, 
which again means at lower growth temperatures ) the { 0 0 1 } faces 
become more stable. This trend is also observed experimentally [1]. 
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(с) The { 1 1 3 } faces will become unstable above some critical value of 
the term Τ In { 1 + Кн у/РНі }· From fig. 8 this value is concluded 
to be 2250 K, as at this value the step free energy for steps in region 
В becomes negative. The existence of a negative step free energy on the 
( 1 1 3 ) face for steps parallel to the [ 1 I 0 ] direction implies that the 
surface will spontaneously loose its flatness, which manifests itself in the 
formation of macroscopic steps. This is also observed experimentally [1]. 
For the above chosen adsorption data the transition should take place at 
approximately 920 K. 
/ifep 
Τ Ы { 1 + KH ^/р£7 } К"1 
1 1 
βοοο 
region С 
regios В 
Fig.8. Step free energy of steps parallel to the [ 1 Ϊ 0] direction on and near 
the { 1 1 3 } faces, о steps in region С ( see the foregoing paragraph ); о steps 
in region B. As a function of the adsorption parameter Τ In { 1 + Кн у/рні } 
three different types of { 1 1 3 } "cusps" can be distinguished, as is indicated 
in the insets. 
5.1. Other faces in the [ 1 1 0 ] zone 
As in fig. 7 the 7-plot for region A is part of a circle which goes through the 
origin, application of the " tangent circle" construction as described by Herring 
[2] shows that all faces in region A are expected to be stable, so formation 
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of macrosteps is not expected on these faces. Unfortunately, our 7 plot is 
not able to predict the experimentally found flat faces { 3 3 1 } , { 5 5 1 } 
and { 1 1 0 } [1], which belong to this region. Therefore it is not possible to 
predict the exact behaviour of these faces as a function of hydrogen coverage. 
It was observed that at high temperatures the { 3 3 1 } and { 5 5 1 } faces 
disappear from the growth form [1]. For this behaviour several explanations 
may exist: 
(a) Thermal roughening. 
(b) Adsorption, e.g. of H, may induce changes in the { 3 3 1 } and { 5 5 1 } 
faces ( e.g. special reconstructions ), which causes them to grow as flat 
faces. Therefore at lower H coverage, i.e. at higher temperature, these 
faces become less important. 
Τ In { 1 + KH JPÏT, } к - 1 
О 2000 4000 6000 
Fig.9. Step free energy of steps parallel to the [ 1 I 0] direction on and near 
the { 1 1 1 } and { 0 0 1 } faces. For the latter face the -y-plot is symmetric 
around the { 0 0 1 }-cusp ( see also figs. 4 and 7 ). 
c. In general it can be said that, dependent on the specific site(s) for ad­
sorption, any modification of the flat (F), stepped (S) or kinked (K) 
character of faces is possible [8]. For example, as was shown above, the 
{ 1 1 3 } faces, which are of F character when reconstruction is taken 
into account, are changed into S faces as a result of hydrogen adsorption. 
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On the other hand, for the { 3 3 1 } and { 5 5 1 } faces probably the 
opposite holds: as a result of adsorption these S faces turn into F faces 
at lower temperatures. As was discussed by Hartmann and Kern [29], 
this can be achieved by the adsorption of a bivalent adsórbate, which in 
our case must form bridging bonds between two adjacent [ 1 Ï 0 ] PBCs 
( see fig. 1 ). However, in the ideal surface structures of the { h h к }h>k 
faces the adsórbate in question should be able to accomplish a bridging 
bond over approximately 0.45 nm. This would require either an adsór-
bate of at least biatomic nature, or extreme deformations of the surface 
layers. As yet we have no further information on the exact nature of the 
adsorbate(s) which would accomplish these effects. 
According to the tangent circle construction [2] in ñg. 7, all faces in regions В 
and С are expected to be instable, except { 0 0 1 } and { 1 1 3 } . We recall 
that the η plot does not predict the presence of flat { 3 3 7 } and { 7 7 13 } 
faces [1], so that the exact behaviour as a function of Η coverage is not known 
for these regions. 
5.3 R e m a r k s 
(a) According to fig. 9 the { 0 0 1 } faces are expected to become more im­
portant at lower temperatures, because their cusps in the 7-plot become 
deeper, or with other words the step free energy increases. We want 
to stress that this effect can only be achieved when Η adsorption does 
not lead to the breaking of dimer bonds. So dimer bond breaking ( the 
breaking of a "connected net" [3,19] ) can also be discarded as an alter­
native explanation for the disappearance of the { 1 1 3 } faces at higher 
Η coverage. 
(b) It has to be remarked that in the derivation of the 7 plot of the adsorbate-
free crystal only surface structures at a temperature of 0 К were consid­
ered. If the temperature is increased above absolute zero, entropy effects 
must be considered. In general it may be expected that the effect of 
temperature on cusps is that they become blunter, untili at high enough 
temperature ( the roughening temperature ) they disappear [6]. For low-
index faces this temperature may well be above the melting point of the 
crystal. 
(c) We have to be conscious of the assumptions in our adsorption model. 
Notwithstanding the assumption of uniformity of adsorption sites and 
neglect of adsórbate interaction, the disappearance of fiat { 1 1 3 } faces 
46 
below some critical temperature, and the persistance of { 0 0 1 } and 
{ 1 1 1 } faces are predicted by the model. However, the transition 
temperature of the { 1 1 3 } faces predicted from the effect of H adsorp­
tion, i.e. 920 K, does not come close to the experimental value, which is 
approximately 1340 К [1]. From a recent study of the influence of the 
chlorine-hydrogen ratio in the gas phase on this transition temperature, 
we conclude that this discrepancy can be solved when the simultaneous 
adsorption of CI and H is considered [30]. 
6. Summary 
In this paper an interpretation of the previously reported silicon CVD sphere 
experiments as a function of temperature [1] was given, based on plots of the 
surface tension as a function of crystallographic orientation. The presence of 
the [ 1 1 0 ] PBCs, which entirely consist of covalent bonds, is found to be 
essential for the stability of flat faces, which implies that only faces in the 
< 1 1 0 > zones are found in the experiments. Furthermore, it was concluded 
that surfaces tend to reduce their dangling bond densities by the formation of 
surface dimer bonds, which effect is partially counterbalanced by an increase 
in surface strain. This effect leads to cusps in the 7 plot for the { 1 1 3 } faces 
and the { 0 0 1 } faces, in addition to the cusps for the { 1 1 1 } faces which 
are already present before reconstruction is taken into account. 
Dependent on temperature and hydrogen pressure, the dangling bonds 
that are left after these reconstructions may form a bond with H atoms from 
the gas phase. This effect changes the shape of the 7 plot, from which it can 
be derived that { 1 1 3 } faces will not be stable with respect to the formation 
of macroscopic steps below a certain critical temperature, while { 0 0 1 } faces 
and { i l l } faces remain stable at all temperatures up to the melting point 
of silicon. 
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CHAPTER 4 
THE INFLUENCE OF THE CHLORINE 
HYDROGEN RATIO IN THE GAS P H A S E 
ON THE STABILITY OF THE { 1 1 3 } 
FACES OF SILICON IN Si-H-Cl CVD 
J. G. E. Gardeniers, M. M. W. Mooren, M. H. J. M de Croon and L. J . Giling 
Journal of Crystal Growth (1990) in press. 
Abstract 
The orientation dependence of silicon crystal growth in the Si-H-Cl CVD sys­
tem has been studied as a function of the chlorine-hydrogen ratio of the gas 
phase. This was done by the use of hemispherical single crystal substrates. 
As was reported before, the stability of faces with the indices { h h к }h<k is 
dependent on temperature: above a certain critical temperature flat { 1 1 3 } 
and { 3 3 7 } faces are found on the hemispheres, while below this tempera­
ture only macroscopic steps appear in positions corresponding to these faces. 
In this study it is found that the above mentioned critical temperature is 
strongly dependent on the chlorine-hydrogen ratio in the gas phase. It will 
be demonstrated that this "chemical roughening" effect is caused by the com­
petitive adsorption of chlorine and hydrogen atoms. From the experimental 
dependencies values for the heat of chemisorption of chlorine and hydrogen 
can be derived of ( -370 ± 70 ) kJ m o l - 1 and ( -316 ± 5 ) kJ m o l - 1 , resp. 
These values are in good agreement with literature values of Si-Cl and Si-H 
bond strengths. 
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1. I n t r o d u c t i o n 
In a previous paper [1] we reported on the orientation dependence of the 
crystal growth of silicon as a function of temperature in the Si-H-Cl sys­
tem. Among other things it was found that the stability of faces with indices 
{ h h к }h<k ( h Φ 0 ) increases at higher temperatures, an effect which 
was explained by the dependence of the surface tension on the adsorption of 
hydrogen, as demonstrated by a plot of surface tension versus the angle φ in 
the [ 1 Ϊ 0 ] zone [2]. From this plot it was derived t h a t the step free energy 
on the { 1 1 3 } faces decreases with increasing hydrogen coverage. A certain 
critical coverage exists, at which this step free energy becomes zero, which 
means t h a t at and above this critical coverage the { 1 1 3 } faces no longer 
have the tendency to grow flat. In view of the fact that the surface coverage 
increases at lower temperatures, it could thus be concluded that the { 1 1 3 } 
faces will not grow flat bûow a certain critical temperature. In the following 
we shall call this temperature the "chemical roughening" temperature of the 
{ 1 1 3 } faces, to distinguish it from the well-known "thermal roughening" 
temperature ( see e.g. ref. [3] ) of a crystal face. 
In ref. [2] it was calculated that the adsorption of hydrogen might explain 
the observed trend as a function of temperature, however, the absolute tem-
perature below which the { 1 1 3 } faces no longer grow flat, was calculated to 
be approximately 400 К below the observed value. In order to study the ad­
sorption effects in more detail, in this paper the influence of variations in the 
chlorine-hydrogen ratio of the gas phase on the stability of the { h h к }h<k 
faces will be investigated. 
As was demonstrated in ref. [2], the effect of fundamental gas phase 
parameters on the stability of crystal faces in the Chemical Vapour Deposition 
( CVD ) of silicon can be studied very nicely by the use of hemispherical 
substrates ( see also ref. [4] ) in an experimental system where crystal growth 
is carried out at near-equilibrium conditions [5]. It was shown before that 
equilibrium calculations can be used to describe the processes that take place 
in this system [5-9]. The gas phase composition which follows from these 
equilibrium calculations will be the basis of our discussion of the adsorption 
effects. It will be shown that the above mentioned temperature effect on the 
stability of { 1 1 3 } most probably is caused by the competitive adsorption 
of chlorine and hydrogen. 
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2. E x p e r i m e n t a l 
The experimental procedure was essentially the same as described before [1]. 
In this study we shall concentrate on the changes in crystal habit as a conse­
quence of variations in the chlorine-hydrogen ratio of the gas phase, together 
with variations in growth temperature. As a definition of the chlorine hydro­
gen ratio of the gas phase we shall use: 
m 
Σ Zi p{Six,Hy,ClZí) 
Cl/H - ratio = %i (1) 
£ > p(Six,HyClz,) 
In this expression m stands for the total number of gas phase species present in 
the system, and p(SiXt HytClZi) for the partial pressure of the gaseous species 
SiXiHytClZi, obtained from equilibrium calculations [5,10]. 
In the experiments the Cl /H ratio of the gas phase was varied from 0.005 
to 0.12 by a change in the relative amounts of mass flow of the input gases 
SÌH2CI2, HCl and H2. The supersaturation ( see ref. [l] for a definition ) in 
these experiments was always 0.1 or lower, except for the experiments at a 
Cl/H-ratio of 0.005, where it was necessary to use supersaturations of up to 
1.0, because it was noticed that in order to have decisive information on the 
stability of faces, epitaxial layers on the hemispheres of at least several μτη 
are required. The thicknesses of the grown layers, averaged over the surface 
of the hemispheres, normally varied from ca. 3 μτη to ca. 50 μιη. 
The total mass flow of the gases was always 400 seem, leading to a gas 
velocity of approximately 15 cm s - 1 at the growth temperature. The dura­
tion of all growth experiments was 2 h. The radius of the hemispheres was 
( 3.00 ± 0.05 ) mm. 
It was found that the growth rate on the planar ( 0 0 1 ) substrates 
( 20-off in one of the < 1 1 0 > directions ), which were used to obtain 
near-equilibrium conditions at the position of the hemispheres [l], was in 
good correspondence with the "solubility" curves [5] taken from equilibrium 
calculations, which confirms that such calculations give a good description of 
near-equilibrium crystal growth processes. 
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3. Resulte 
At a constant Cl/H-ratio the morphology of the hemispheres at angles from 
approximately 20° to 35° from the ( 1 1 1 ) face in the { h h к }h<k part 
of the [ 1 Ï 0 ] zone is different for different temperatures. This is shown 
in figs, la, b and c. Three different morphologies can be distinguished. At 
low temperatures morphology I is observed: only macroscopic steps appear 
( fig. la ). These steps reach from the { i l l } faces to the nearest { 0 0 1 } 
faces. No { 1 1 3 } or { 3 3 7 } faces can be distinguished. The positions 
where they should occur are indicated in the figure. 
On the other hand, at high temperatures in these regions at approxi-
mately 23.5° and 29.5° from the { 1 1 1 } faces the flat faces { 3 3 7 } and 
{ 1 1 3 } appear, respectively. This will be called morphology III ( fig. 1c ). 
When this morphology occurs, in the part of the { h h к }н<к region between 
the { 1 1 3 } faces and the nearest { 0 0 1 } face macroscopic steps either are 
only slightly visible or do not appear at all. 
Morphology II is an intermediate case between morphologies I and III 
( see the discussion section ). It is observed either when the amount of silicon 
deposited on the hemisphere is relatively low ( e.g. for very short growth 
experiments or very low supersaturations ), or at conditions where the { 3 3 7 } 
and { 1 1 3 } faces obviously are not very stable. In fig. l.b these faces can 
be seen as very small bands. Their position, which can be derived from the 
narrowing of the range of macroscopic steps, is indicated by arrows ( the two 
thin white lines are artefacts due to the photo composition ). 
Fig.l. ( see next page ) 
Morphology of the parts of the hemisphere which can be described with the 
crystallographic indices { h h к }н.<к· (a) Morphology I: macroscopic steps, at 
low temperatures; (b) morphology II: very small ( 1 1 3 ) and ( 3 3 7 ) faces, 
at intermediate temperatures; (c) morphology III: large ( 1 1 3 ) and ( 3 3 7 ) 
faces, at high temperatures. Note: in the pictures (a) and (b) the surface is 
curved in the vertical direction of the pictures, so the indicated length scale 
is only valid for the horizontal direction in these two cases. 
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In a following series of experiments the stability of these two faces has 
been studied as a function of the Cl/H-ratio between 0.005 and 0.15 and as 
a function of temperature between 1190 К and 1480 K. The temperature 
regions where morphologies I, II and III are present turn out to be dependent 
on the Cl/H-ratio, as is shown in fig. 2. The dotted line is used to indicate 
the transition from morphology I to morphology II. A more detailed analysis 
reveals that for experiments with conditions close to the dotted line in fig. 2 
the transition from morphology I to morphology II takes place at a somewhat 
higher temperature ( 10 К at most ) for the { 3 3 7 } faces than for the 
{ 1 1 3 } faces. 
In fig. 2 the experimental data of van den Brekel and Nishizawa are 
indicated. These authors have investigated the orientation dependence of 
silicon CVD, using cylindrical [11] or hemispherical [12] substrates. They 
report the presence of flat { 1 1 3 } and { 1 1 2 } faces. Except for the 
indices of the latter faces ( in our opinion these are not correct, the faces 
should be indexed { 3 3 7 } , see ref. [l] ), their findings fit well with our 
observations. Unfortunately, as indicated in fig. 2, they have not examined 
growth temperatures below 1400 K, and for that reason have not observed 
the same temperature effects as we have. 
4. Discuss ion 
4 .1 . General a s p e c t s of growth forms 
Very generally it can be said t h a t after crystal growth on hemispheres three 
different categories of morphological features may show up: 
1. flat faces, i.e. surfaces which are not curved in any direction ( see fig. 1c, 
morphology III ); 
2. ranges of macroscopic steps, i.e surfaces which are curved in one direction 
( see fig. l a , morphology I ); 
3. surfaces which are curved in all directions. 
A way to interpret these morphologies is to consider the variation of surface 
tension, 7, as a function of the crystallographic orientation. This way of 
interpretation is only allowed when the morphological features to be discussed 
are equilibrium structures. This can of course never be the case when one 
is considering a crystal growth situation. Nevertheless, as we are working 
at moderate supersaturations, we shall assume that the lowest growth rates 
will occur for those crystallographic orientations which correspond to cusped 
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minima in the polar plot of 7 ( the Wulff-plot ). With this assumption above 
categories of growth morphologies can be explained in terms of surface tension. 
Suppose we use the angles a and β, which are defined in two perpen­
dicular planes, to describe the deviation of the crystallographic orientation 
of some part of the hemisphere from a predefined reference orientation ( see 
fig. 3 ). Then it can be said that if in the Wulff-plot both ir(oi) and Ί{β) have 
a cusped minimum for a certain crystallographic orientation, this orientation 
will appear as a flat face on the hemisphere after growth. On the other hand, 
if neither of the functions 7(a) and i{ß) has a cusped minimum for a certain 
range of orientations, this will manifest itself as a region on the hemisphere 
which is continuously curved in all directions. If only in one of the two func-
tions 7(a) and Ί(β) a cusped minimum is present, this will lead to a region 
on the hemisphere, which is curved in only one direction. 
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Fig.2. Existence regions of morpho­
logies I, II and III as a function of the 
Cl/H-ratio and the temperature. 
Open circles: morphology I; 
closed circles: morphology III; 
triangles: morphology II; 
open square: experimental conditions 
of van den Brekel [11] and hatched 
rectangle: experimental conditions of 
Nishizawa et al. [12] ( see text ). 
Temperature in К 
We consider morphology I in fig. la to be an example of the latter mor­
phology. The formation of the macroscopic steps which can be seen in this 
figure most probably is caused by the tendency of the growing crystal to 
maintain an as low as possible surface tension, which can be achieved by the 
formation of large terraces of orientations with very low surface tension [13]. 
In our case the crystallographic direction of the terrace edges is [ 1 Ï 0 ], which 
is the direction of the strongest Periodic Bond Chain ( PBC ) in the crystal 
bulk structure of silicon [14]. 
Similar reasoning as above can be used to interpret the other morpholo-
gies in fig. 1. Morphology III is thus the result of cusped minima in both 7(a) 
and 7(/3) for both the ( 1 1 3 ) and ( 3 3 7 ) orientations. In our opinion 
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this is also the case in morphology II, however, for one of the two functions 
the minima are only very shallow, leading to only very small flat regions with 
orientation ( 1 1 3 ) and ( 3 3 7 ) . Thus morphology II can be considered an 
intermediate case between I and III, where in the sequence III-II-I the minima 
in one of the functions 7(a) or 7(/?) disappear. 
Fig.3. 
Illustration of the definition of angles 
in the Wulff plot. A indicates the 
reference plane, A' and A" are planes 
tilted to angles α and β with the 
reference plane, respectively. 
Fig.4. 
Partial pressures of Si-H-Cl gas phase 
species in equilibrium with solid silicon, 
as a function of the Cl/H-ratio (Cí/Я) 
at a temperature of 1350 К and a total 
pressure of 1 atm. 
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In a previous paper [2] we have given a possible explanation for the 
disappearance of cusped minima in the 7-plot. In this discussion we will use 
the theoretical results of that paper to explain the effect of the Cl/H-ratio on 
the stability of the { h h к } faces. To do this we will first investigate the 
changes that occur in the gas phase equilibrium composition as a result of a 
change in the CI/H-ratio. 
4.2. Gas phase equilibrium composition as a function of the 
chlorine-hydrogen ratio 
In fig. 4 the result of a gas phase equilibrium calculation [5-10,15] is presented. 
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In the calculation the following gaseous species are included: Si, Sia, SÌ3, SiH, 
SÌH2, SiHg, SÌH4, SiaHe, SiCl, SiCb, SiCl3) ЗіСЦ, SiHCl, SÌHCI3, SiHaCb, 
SÌH3CI, H, H2, HCl, CI, and CI2. The gas phase is in equilibrium with solid 
silicon. Thermochemical data were taken from refs. [16-19]. The figure shows 
the partial pressures of the main gas phase species in the Si-H-Cl system as 
a function of the Cl/H-ratio, at atmospheric pressure and 1350 K. 
As can be seen in this figure, the main consequence of an increase in the 
Cl/H-ratio is tha t chlorine-containing species become more important with 
respect to species which do not contain chlorine. This also implies that the 
total amount of silicon in the gas phase ( the "solubility", see e.g. [5] ) 
increases with an increase in the Cl/H-ratio. 
The gas phase compositions extracted from equilibrium calculations, as 
e.g. presented in fig. 4, will be used in the following discussion on the influence 
of adsorption on the stability of the { h h к }h<k faces. In ref. [2] it was 
derived that when the crystal surface is free from adsorbates, flat { 1 1 3 } 
faces are expected, because in the Wulff-plot cusped minima are present for 
these orientations. Unfortunately, with the aid of the structural models in 
ref. [2], no cusped minima could be found for the { 3 3 7 } faces, so we are 
not able to discuss the stability of the latter faces quantitavely, but the rules 
derived for the { 1 1 3 } faces qualitatively also apply for { 3 3 7 }. 
4 . 3 . T h e inf luence of a d s o r p t i o n o n t h e o c c u r r e n c e of t h e { h h к }h<k 
faces 
In ref. [2] the influence of temperature on the appearance of the { 1 1 3 } faces 
weis explained by the effect of adsorption on the 7-plot versus the angle φ in 
the [ 1 Ϊ 0 ] zone: below a critical coverage
 сг
 in this plot an inward pointing 
cusp exists at the angle фц^ corresponding to the ( 1 1 3 ) face, above this 
сг
 an outward pointing cusp at фцз appears. Or, in other words: at low 
coverages a positive step free energy ( see e.g. ref. [3] ) exists on the ( 1 1 3 ) 
face, while at high coverages the step free energy becomes negative [2]. It is 
well known t h a t the surface coverage will increase at lower temperatures, so 
that the above is consistent with the observation that due to the high coverage, 
the { 1 1 3 } faces are absent from the ( near ) equilibrium ( growth ) form 
of the silicon crystal below a certain critical temperature T
c r
, the "chemical 
roughening" temperature of the { 1 1 3 } faces. 
In ref. [2] the above described phenomenon was explained by the adsorp­
tion of hydrogen. However, with the use of reasonable values of the heat and 
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entropy of H adsorption, the chemical roughening temperature of the { 1 1 3 } 
faces was calculated to be 920 K. This is much lower than the experimentally 
observed value of 1340 К at the Cl/H-ratio of 0.06, which was used in ref. 
[1]. Although the thermochemical data for H adsorption are not known very 
accurately, this discrepancy led us to the opinion that in addition to H other 
species in the gas phase might be responsible for the destabilizing effect on 
{ 1 1 3 } . This idea can now be supported by the experimental data in 
fig. 2: it can be seen that the chemical roughening temperature depends on 
the Cl/H-ratio. From fig. 4 it is also clear that in the range of experimental 
Cl/H-ratios the partial pressure of atomic hydrogen does not depend on the 
Cl/H-ratio, so the observed changes in morphology as discussed in this paper 
for the { h h к }h<k faces cannot be caused by the adsorption of H alone. It is 
therefore plausible to assume that a chlorine-containing adsórbate is involved 
in the shift of TCT of these faces. 
To examine this more detailed the following strategy will be pursued: 
first it will be assumed that only CI atoms are present on the surface of the 
silicon crystal. It will be investigated whether this assumption can explain 
the observed effects and whether the adsorption parameters that can be de-
rived from the experimental dependencies are in reasonable correspondence 
with known thermochemical data for silicon-chlorides and estimated adsorp-
tion data . Next the case will be considered where both CI and H atoms are 
chemisorbed on the silicon crystal surfaces, and it will be examined whether 
or not this gives a satisfactory description of the data in fig. 2. Finally the 
importance of the adsorption of silicon-containing species will be investigated. 
4 .3 .1 . Chlorine adsorpt ion 
Suppose that CI atoms are the only adsorbates present on the silicon surface. 
An adsorption equilibrium to describe this case would be: 
Giga» + surface site ^ Cla<f íorbe<í (2) 
with equilibrium constant KQI , which is defined in the conventional way. For 
Langmuir adsorption the chlorine coverage of the silicon surface, сі, is given 
by the equation: 
с і =
 KCIPCI 
1 + ЛСІ PCl.eq. 
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where Bei is the fraction of surface sites covered by chloride atoms, and pci,eq. 
the equilibrium partial pressure of chloride atoms, as e.g. given in fig. 4. When 
the equilibrium constant Kci in eq. (3) is written in a form that contains 
the thermodynamic parameters АЯ£{ and AS^j, which are the changes in 
standard enthalpy and entropy for equilibrium reaction (2), respectively, the 
following equation is obtained: 
'•I PGl,eq. ( 1 - сі ) I R Tcr R 
where R is the gas constant. 
It is possible to use the data in fig. 2 to fit the thermodynamical param­
eters in eq. (4) in the following way: in ref. [2] em equation weis derived to 
describe the effect of adsorption on surface tension "([φ]: 
Μ = ΐΛΦ] - кТд[ф}Іп{і/ . } (5) 
where 7*[^] is the surface tension of the adsorbate-free surface, д[ф] the ad­
sorption site density, * the fraction of free sites and φ the angle of the surface 
with a predefined reference plane; [φ] is used to indicate the orientation de­
pendent parameters in eq. (5). 
The surface tension of a crystal face which is only slightly misoriented 
from a fiat face at angle ^o can be calculated with the aid of: 
M = Ί\ΦΟ} + ^ { Φ - Фо\ (6) 
where 7«tep is the free energy of a step on the face at #o and d the height of 
this step. 
Eq. (6) can be rewritten in the following form: 
ъгер _ Ί[Φ} - Ί[ΦΟ} , η 
d J φ - φο I 
For φ larger than but very close to φο the term on the right of the equality 
sign can be replaced by άη/άφ. 
Application of the foregoing to eq. (5) leads to: 
ЪиМ
 =
 Ί^Μ _ Шъты^)
 ( 8 ) 
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In words: at a certain coverage of adsorbatea the step free energy on a surface 
at an angle φ is equal to the step free energy on this surface, when no adsorp­
tion takes place, minus a term proportional to the variation of the adsorption 
site density with orientation and proportional to the parameter Τ In { i/o» }. 
0, will always be positive and less than one, which leads to a positive 
term Γ In { I/o» }. Adsorption will therefore either lower or raise the step 
free energy on a particular face, dependent on whether the term dq[^]/d^ is 
positive or negative, resp. In ref. [2] it was shown that ац[ф]/аф is positive for 
steps on the ( 1 1 3 ) face which are parallel to the [ 1 I 0 ] direction, which 
is the direction of the most stable P B C in the silicon crystal, and inclined 
in e.g. the [ 3 3 2 ] or in the [ 3 3 2 ] direction. Therefore for these steps 
the step free energy will decrease with an increase in Г In { I/o* }. Most 
probably the same will hold for steps on the ( 3 3 7 ) face which are parallel 
to the [ 1 1 0 ] P B C direction. For steps on the ( 1 1 3 ) face inclined in the 
[ 1 I 0 ] or in the [ Ϊ 1 0 ] direction and parallel to e.g. the [ 3 3 2 ] direction 
( i.e. steps perpendicular to the stable PBC directions ) the term dq[φ}/dφ 
is also positive, so for these steps also the step free energy will decrease with 
increasing Τ In { 1/0» }. 
In ref. [2] it was derived that , if for steps on the ( 1 1 3 ) face which are 
parallel to the [ 1 Ϊ 0 ] direction the term Τ In { 1/0» } becomes larger than 
2250 K, the step free energy on this face will no longer be positive, and these 
faces will no longer grow flat, i.e. the faces have become "chemically rough­
ened" . Although in ref. [2] this was only discussed for the case of hydrogen 
adsorption, the above requirement for the term Γ In { 1/0» } on the { 1 1 3 } 
faces applies for every species which adsorbs in adsorption sites similar to 
those for H. 
If the transition from morphology II to morphology I in fig. 2 is inter­
preted as a chemical roughening phenomenon, it thus follows that at the 
dotted line in this figure the following relation should hold: 
T
c r
 In { 1 / 0. } = 2250 К (9) 
Considering that in the case of CI adsorption 0» = 1 — θα, we can 
thus calculate θα as a function of Τ from the d a t a in fig. 2. To obtain 
the parameters Δ Η ^ , and ASQ1 we have to plot the term on the left-hand 
side of the equality sign in eq. (4) versus T " 1 . The slope of the resulting 
straight line will then correspond to the value of -AHQ^R and the intercept 
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of the line with the vertical axis to А5° (/Д. Such a plot is shown in fìg. 5, 
where values of pci,eq. from equilibrium calculations as e.g. shown in fìg. 4 
are used. 
Fig.5. 
Fit of the data in fìg. 2 according to 
eq. (4). The closed circles correspond 
to transition temperatures of 1210 K, 
1250 K, 1310 K, 1340 К and 1350 K, 
for Cl/H-ratios (С7/Я) of 0.005, 0.01, 
0.02, 0.06, and 0.12, respectively ( see 
text for the meaning of the solid and 
dashed lines ). 
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Two different linear least-squares fits of the points in fig. 5 were made: 
i. the dashed line in the figure is a fit through the five points without further 
assumptions. This leads to the values: 
AHZn = ( -440 ± 20 ) kJ m o l - 1 and ASg, = ( -180 ± 30 ) J K " 1 mol i - i 
t t . With the use of statistical-thermodynamical arguments ( see e.g. ref. [15] ) 
it is possible to estimate the entropy change for the adsorption of chlorine 
atoms. This is shown in table 1. If the calculated value of Д5°, at 1300 K, 
( -133 ± 9 ) J K - 1 m o l - 1 , divided by R, is used as a fixed point in a 
linear least-squares fit of fig. 5 ( this value should occur for T'1 = 0 ), 
the solid line results. From the slope of this line we obtain: 
ДЯ^, = ( -380 ± 20 ) kJ m o l - 1 
a value which is valid for temperatures from 1210 К to 1350 K. According to 
equilibrium reaction (2) Δ#298 should be approximately equal to the strength 
of a Si-Cl bond on the silicon surface. In table 2 literature values of Si-Cl bond 
dissociation energies are given for several silicon-chloride compounds. With 
the aid of statistical-thermodynamical methods it is possible to calculate that 
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Δ Η ^ { will only be approximately 5 к J m o l
- 1
 higher for the temperatures 
examined in our experiments. Therefore it can be concluded that both values 
of AH^j
 2 9 8 as deduced from fig. 5 are in agreement with the literature values 
of Si-Cl bond strengths as given in table 2. 
Table 1. Standard entropy changes 
Entropy Changes at 298 К 
Contribution in J K - 1 m o l - 1 
Loss Gain 
during the adsorption of chloride atoms. 
Changes at 1300 К 
in J К " 1 m o l - 1 
Loss Gain 
translation 
rotation 
vibrat ion 0 
electronic6 
153 
0 
0 
11 
0 
0 
20-35 
0 
184 
0 
0 
11 
0 
0 
54-71 
0 
Nett 137 ± 8 133 ± 9 
а
 Estimated vibrations ( see [15,20-23] ): a stretch mode with a frequency 
of 300-550 c m - 1 , and two bend modes with frequencies of 100-200 c m - 1 
( 550 c m - 1 is the value of the Si-Cl stretch frequency in the SÍH3CI molecule 
according to [24] ). 
ь
 The adsorbate-free silicon surface site and the adsorbed chloride atom are 
assumed to be electronicaly doubly degenerate. 
It can be calculated that for steps on the ( 1 1 3 ) face parallel to the 
[ 3 3 2 ] direction ( i.e. perpendicular to the PBCs ) the step free energy will 
become negative when the term Τ In { I / o , } exceeds 31500 K. This value is 
much larger than the above mentioned value for steps parallel to the [ 1 Ϊ 0 ] 
direction, which is understandable because in order to form these steps, the 
stable PBCs should be broken up, which requires high amounts of energy. 
The high value of the term Τ In { 1/0* } implies that on the { 1 1 3 } faces 
most probably for all the growth conditions used in this study the step free 
energy in the < 3 3 2 > directions will be larger than zero. This is consistent 
with the observation that in all our growth experiments either macroscopic 
steps parallel to the stable P B C directions or flat faces are observed at the 
positions of { 1 1 3 } on the hemispheres. 
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Table 2. Silicon-chloride bond strengths at 298 K. 
Bond Bond strength in kJ mol 1 [refs.] 
C b S i - C l 464 [25]; 448 ± 8 [26] 
C l 2 S i - C l 276 [25]; 289 ± 8 [26] 
CISi - C I 477 [25,27] 
Si - C I 381 [25,27] 
(СНз)з8і - C l 473 [25] 
H 3 Si - C l 527 [28] 
H2CISÍ - C l 463 [29] 
HCbSi - C l 438 [29] 
(CH3)H2Si - C l 479 [29] 
4.3.2. C o m p e t i t i v e a d s o r p t i o n of h y d r o g e n a n d c h l o r i n e 
In view of the high hydrogen pressures used in the experiments, it may be 
expected that next to CI, also H will be present on the surface of the sili-
con crystal, which means that next to the equilibrium reaction (2) also the 
following adsorption equilibrium has to be considered: 
Hga, + surface site ^ Ha<fiorbed (10) 
with equilibrium constant Κ χ. The coverage of the silicon surface with species 
X ( i.e. Η or CI ) is now given by the equation: 
θ χ
 _
 K
x ?*><?· /jjj 
1 + Kjl PH.eq. + Kci PCl.cq. 
Again at the critical temperatures Τ ¡η { 1/0* } will be equal to 2250 К ( see 
the foregoing paragraph ); however, in this case 
Θ» = 1 - θα - ц = 1 - 9totai· 
From this relation and eq. (11) it then follows that : 
KCl PCl,eq. = —
л
 η
 KH
 PH,eq. (12) 
1 — "total 
This equation can be rewritten in a form that resembles eq. (4): 
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In Statai 
1 - "total 
Кн РН,е
Ч
. \ - In Pci,eq. = 
Δ ^
 + Δ ^ 
RT
ri R 
To study whether the assumption of competitive adsorption of CI and Η 
adsorption can explain the experimental results, we evaluated this equation 
in the following way: рн,ед. was obtained from equilibrium calculations ( see 
above ), «oo. 
ίΛΙΙ',',Ιιη kJ m o l " 1 
ΊΟΟΟ. 
Fig.6. 
Cl adsorption heat derived from a fit 
of the data in fig. 2 according to eq. 
(13), for different values of the H ad­
sorption heat ( see text ). 
IAS",]!,, J mol" 1 К ' 
150 0. 
ihc<tretical lalue 
Fig.7. 
CI adsorption entropy derived from a 
fit of the data in fig. 2 according to 
eq. (13), for different values of the H 
adsorption heat ( see text ). 
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and severed values of the adsorption heat of hydrogen, А Я ^ , were considered; 
in this evaluation the adsorption entropy of hydrogen, Δ 5 ^ was assumed to 
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be —125 J К - 1 m o l - 1 [15] in the temperature range considered, i.e. from 
1210 К to 1350 K. After the calculation of the term Кн PH.eq. in equation 
(13) with these data, we fitted the resulting parameters in the same way as 
was done in the foregoing paragraph for eq. (4). The values of AHQI a n ^ 
ASçf obtained from these linear least-squares fits of eq. (13) are shown in 
figs. 6 and 7, resp. 
It is assumed that the values of Δ Η ^ ( zuid ΔΗ^· that best fit the data of 
fig. 2 are those which agree with the theoretical value of AS^,, of ( —133 ± 9 ) 
J K _ 1 m o l - 1 in table 1. In fig. 7 this theoretical value is indicated by the hor­
izontal solid line, while the horizontal dashed lines indicate the uncertainties 
in this value. From the intersection of the theoretical and the "experimental" 
lines we obtain: 
Δ Η ^ = - 3 1 6 ± 5 к J m o l " 1 . 
The corresponding value of Δ Η ^ follows from fig. 6: 
AR^t = - 3 7 0 ± 70 к J т о Г 1 
If it is assumed that Δ Η ^ , does not change more than a few percent over 
the temperature range 298 К - 1400 К ( see above ), it can be seen that the 
values of Δ Η ^ ,
 2 9 β and Δ Η ^ 2 9 β are in agreement with the literature values 
of Si-Cl and Si-Η bond strengths in tables 2 and 3, resp. 
4.3.3. A d s o r p t i o n of si l icon c o m p o u n d s 
To obtain a complete view of the effect of adsórbales on the stability of the 
{ h h к }h<k faces, in addition to the adsorption equilibria (2) and (10), the 
following series of equilibria have to be included: 
Si
x
UyClZ!ia. + surface site ^ 5іхЯ СІЯлЛ,огЬ,л (14) 
Of all the silicon compounds which are present in the gas phase at equilib­
rium, we will assume that only radicals are able to chemisorb on the silicon 
surface; of these SÍCI2, SÍCI3, SiHCl, and SÍH2 are the most abundant in the 
equilibrium gas phase mixtures ( see fig. 4 ). As a very rough estimate of the 
heat of adsorption of these species, we take Δ.Η298 ** — 226 к J m o l - 1 ( see 
e.g. ref. [15] ), which is minus half the sublimation enthalpy of silicon, and 
Δ 5 2 9 8 « — 170 J К
- 1
 m o l - 1 . To have some idea of the surface coverage, 
we summarized the equilibrium partial pressures of these species and used 
the before-mentioned thermodynamic data and the Langmuir isotherm. The 
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resulting coverages as a function of the Cl/H-ratio, together with those of H 
and CI, are shown in fig. 8 for three different temperatures. 
As can be seen the surface coverage of growth species is always much lower 
than that of CI and H, even at extremely high Cl/H-ratios of e.g. 0.3 ( i.e. 
log (Cl/H) = — 0.5 ). Therefore we conclude that in the above discussion 
the contribution of silicon species can be neglected. 
Table 3. Silicon-hydrogen bond strengths at 298 K. 
Bond Bond strength in к J m o l - 1 [refs.] 
H3SÍ-H 378 [27]; 384 [35] 
HaSi-H 268 [27]; 303 [35] 
HSi - H 351 [27]; 317 [35] 
Si - H 293 [27]; 285 [35] 
(СНз)з8і - H 378 [27] 
(CHaJHaSi - H 374 [27] 
Cl3Si - H 382 [27] 
Si ( 1 1 1 ) - H 300-340 [30] 
poly-Si-H 318 [31]; 308, 354 [32] 
amorphous-Si-H 270-360 [33]; 328 [34] 
4.3.4. Concluding r e m a r k s 
It was shown in this paragraph that the shift of the "chemical roughening" 
temperature of the { 1 1 3 } faces with the Cl/H-ratio is caused by the com­
petitive adsorption of CI and H. As it was derived that chemical roughening of 
these faces occurs when the term Τ In { 1/0. } exceeds the value of 2250 K, it 
can be calculated that in the examined temperature range ( 1200 К - 1450 К ) 
the { 1 1 3 } faces become rough if Θ» becomes lower than 0.2. It can be seen 
in fig. 8 that at low Cl/H-ratios the coverage of the Si surface with CI is 
low, so that the chemical roughening temperature in this case is almost com­
pletely determined by Η adsorption. At higher Cl/H-ratios the coverage of 
CI increases, while the Η coverage remains the same or decreases somewhat 
because of the competition with CI. So at the higher Cl/H-ratios the chemical 
roughening temperature will be determined by the adsorption of both CI and 
H. As the total coverage etotai at higher Cl/H-ratios becomes higher, chemical 
roughening will start to occur if 0totai = 1 — 0» > 0.8. At still higher 
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Cl/H-ratios the growth temperature has to be raised in order to ensure the 
stability of the { 1 1 3 } faces. This is exactly the trend observed in fig. 2. 
l o g o 
Fig.8. 
Surface coverage θ of Cl, Η and Si 
species as a function of the Cl/H-ratio 
(Cl/H). For every adsórbate three 
lines are drawn, corresponding to three 
different temperatures, viz. 1250 K, 
1350 К and 1450 K. 
-3 -2 -1 
Finally we want to make some remarks on the derived heats of adsorption 
of CI and H. Comparison of the derived values with those in tables 2 and 3 
shows that although the agreement is satisfactorily, the value of Δ Η ^ is 
somewhat lower than most values in table 2. A reason for this may be that at 
the relatively high coverages which we are dealing with ( see above ) adsórbate 
interactions will become substantial. More specifically, it may be expected 
that the large electronegativity of the CI atoms with respect to Si will lead to 
a small negative charge on the adsorbed CI, leading to a repulsive interaction 
between these adsorbates ( see e.g. ref. [36]). This repulsion will lower the 
heat of adsorption, which might explain the observed difference. 
5. S u m m a r y 
With the aid of hemispherical single crystal substrates the orientation depen-
dence of silicon crystal growth in the Si-H-Cl CVD system was studied as a 
function of the Cl/H-ratio in the gas phase. 
As was reported before [1], above a certain critical temperature flat 
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{ 1 1 3 } and { 3 3 7 } faces are found on the hemispheres, while below 
this temperature only macroscopic steps appear in correspondin positions. 
This critical temperature is strongly dependent on the Cl/H-ratio in the gas 
phase. It was demonstrated that this so-called "chemical roughening" effect 
is caused by the total adsorption of CI and H. From the experimental de­
pendencies values for the heat and entropy changes for chemisorption of CI 
and H can be derived, which are in good agreement with literature values 
of Si-Cl and Si-Η bond strengths and entropy values derived with the aid of 
statistical-thermodynamical methods. 
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CHAPTER 5 
A THEORETICAL STUDY OF 
ADSORPTION EQUILIBRIA 
IN SILICON CVD 
J. G. E. Gardeniers, L. J. Giling, F. de Jong and J. P. van der Eerden 
Submitted to the Journal of Crystal Growth. 
Abstract 
As part of a theoretical study of adsorption processes in the chemical vapour 
deposition of Si, thermochemical data are derived for the adsorption of Si-H 
species on Si ( 1 1 1 ) and dimer-reconstructed Si ( 0 0 1 ) - ( 2 x 1 ) . Essential 
contributions to the adsorption heats appear to be electron pairing and two 
and three body interactions. It is shown that when the bond energies are 
defined in this way, also a consistent description of the bonds in Si hydrides is 
provided. This demonstrates that the method can be applied to the adsorption 
proces with reasonable confidence. 
Data are derived for species which may form one, two or even four bonds 
with the surface. It is assumed that on the ( 1 1 1 ) surface adsorbates bind 
on the "dangling bonds" which are present on this surface in a broken bond 
model. It is demonstrated that on the dimer reconstructed Si ( 0 0 1 )-( 2x 1 ) 
surface adsorbates will either bind on the surface atoms with one or two bonds, 
without the breaking of the dimer bonds, or, if the species have the possibility 
to form two or four bonds with the surface atoms, may become inserted into 
the dimer bonds. 
With the aid of the derived thermochemical data for adsorption and the 
Langmuir isotherm or modifications thereof, the coverage of the Si ( 1 1 1 ) 
and the dimer reconstructed Si ( 0 0 1 ) - ( 2 x 1 ) surfaces with species from the 
Si-Η system is calculated. It is found that the equilibrium surface coverages 
of the Si ( 1 1 1 ) and the Si ( 0 0 1 )-( 2x1 ) surfaces are very similar: 
the H coverage is high at all temperatures, while at low supersaturation the 
coverage with growth species is very low on both surfaces. 
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1. Introduction 
Inspired by several papers of Chernov and co-workers on the calculation of the 
coverage of Si and G a As surfaces during growth from the respective chloride-
CVD systems [1-4], in a previous paper one of the authors reported a theoret-
ical study of adsorption processes on Si ( 1 1 1 ) during the Chemical Vapour 
Deposition ( CVD ) of Si from silane [5]. Among other things it was shown 
that at 1 atm H2 pressure H will be the most important adsórbate, while 
SÍH2 will be the most abundant growth species on the surface, its coverage 
dependent on the supersaturation. 
In this paper the work of ref. [5] will be extended. Different thermo-
chemical data for the gas phase species SiHj and SÍH3 will be used, and the 
importance of several species that were previously not considered, will be in-
vestigated. In contrast to ref. [5], where for all Si containing adsorbates the 
same bond strength with the surface was taken, we shall try to differenti-
ate these bond strengths in the present work by the inclusion of three-body 
interactions and electron pairing energies. Furthermore, in addition to the 
adsorption processes considered in ref. [5], adsorbates with more than one 
chemical bond to the crystal surface will be considered. The discussion will 
be extended to the dimer reconstructed Si ( 0 0 1 ) surface. 
2. Equil ibrium gas phase composition in the Si-Η system 
For the calculation of the coverage of the Si surface knowledge of the compo­
sition of the gas phase, which is in contact with the surface, is essential. The 
equilibrium partial pressures of the relevant gas phase species can be calcu­
lated when all the required thermochemical data are known. The calculations 
proceed along the same lines as described in ref. [5]. 
On the basis of several recent studies on the thermodynamic properties of 
gaseous Si hydrides, we decided to use formation enthalpies of the gats phase 
species SÍH2 and SÍH3 different from the ones used in ref. [5]. The usually 
accepted value of the formation enthalpy of SÍH2 of 243 к J m o l - 1 has been 
criticized by Ho et al. [6]. These authors suggest a value of 285 kJ m o l - 1 , 
while additional evidence exists ( see ref. [7] and refs. therein ) that the en­
thalpy should indeed be higher than the value of 243 kJ m o l - 1 , which was 
used in ref. [5]. However, as no clear argument exists to give preference to 
any of these values, we decided to use an intermediate value of 270 к J m o l - 1 . 
Furthermore, in order to have a more consistent set of thermochemical data, 
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a value of 200 к J mol 1 will be assumed for ΔΗ^
 2 9 8 of SiHa, as suggested in 
ref. [7], instead of the value of 209.4 к J m o l - 1 used in ref. [5]. 
Fig.l. 
Equilibrium gas phase composi­
tion in the Si-Η system at 1 atm 
as a function of temperature, in 
the homogeneous equilibrium as­
sumption for an input mixture of 
1% SÍH4 in H2. 
Fig.2. 
Equilibrium gas phase composi-
tion in the Si-Η system at 1 atm 
as a function of temperature, in 
the heterogeneous equilibrium 
assumption. 
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For the sake of completeness we included several gas phase species which 
were not considered in ref. [5], viz. SÌ2H5, H3SÌSÌH, H2SÌSÌH2 and SisHg, with 
thermochemical data from refs. [7,8]. Although the species SÌ2H3 and SÌ2H2 
might also be important in the gas phase ( see ref. [9] ), these will not be 
included in our calculations because of a lack of structural information. The 
thermochemical data of all gas phase species other than the ones mentioned 
above are rather well accepted and are the same as used in ref. [5]. 
With these changes and additions the equilibrium gas phase composi-
tion as a function of the temperature Τ was calculated for the two extreme 
situations mentioned in ref. [5], viz. the so-called "homogeneous" ( for an 
input mixture of 1 % SÌH4 in H2 at 1 atm ) and "heterogeneous" equilibrium 
situations, which may be considered to correspond with high and zero super-
saturation, respectively. The results are shown in figs. 1 and 2. The reader 
should take care when comparing these figures: the vertical scales in the two 
figures are not the same. 
The most relevant change in the gas phase equilibrium composition with 
respect to ref. [5] is the following: because of the above mentioned changes 
in the formation enthalpies of SÌH2 and SÌH3, the partial pressure of SÌH2 is 
approximately two decades lower at the lower temperatures and one decade 
at the higher temperatures for both the homogeneous and the heterogeneous 
case; in contrast to the findings in ref. [5], where at all temperatures SÌH2 
was found to be the most important unsaturated Si compound in the gas 
phase in the heterogeneous equilibrium, now below approximately 1100 К 
ЗіНз is more important. Above 1100 К SÌH2 is still the most important 
growth species in the gas phase. In the homogeneous case SÌH3 is important 
at low temperatures, whereas SÌ3 is the dominating species at the higher 
temperatures. 
3. Adsorption model and estimation of thermodynamic data for 
adsorpt ion 
3.1. General considerations concerning the adsorpt ion model 
In accordance with the commonly accepted notion that the interaction of gas 
phase species and semiconductor surfaces results in the formation of stable 
chemical bonds between the species and the surface atoms ( see [10] and refs. 
therein ), in this paper the so-called "dangling bonds" on the surfaces will be 
considered eis the locations on the surface where adsorbates may bind. Bonds 
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of adsorbates with the surface will be considered equivalent to bonds in Si 
compounds. This assumption allows the estimation of relevant adsorption 
parameters like adsorption heats and entropies from the extensive literature 
on Si chemistry. The estimations for adsorption on ( 1 1 1 ) and dimer 
reconstructed ( 0 0 1 ) - ( 2 x 1 ) will be worked out in separate paragraphs. 
It will be assumed that only chemically unsaturated species will be able to 
adsorb on the Si surface. 
The adsorption processes to be discussed here will be considered as simple 
chemical equilibria of the general form: 
Xgaê + site τ* XatUorbed ( l ) 
With this equilibrium reaction an adsorption constant is associated, Κ^χ, 
which can be calculated with the aid of the equation: 
RTlnK
ad,x = -AH^x + TAS^x (2) 
where AH^
 x
 and AS®dX are the standard enthalpy and entropy changes 
during the adsorption of the species X, respectively, at temperature T. As 
described in ref. [5], these parameters can be derived from molecular properties 
with the use of statistical-thermodynamical methods. We shall discuss this 
more detailed below. 
3.2. General considerations concerning the enthalpies of adsorpt ion: 
t h e effect of electron pair ing and three-body interactions 
In ref. [5] a value of 293 к J m o l - 1 was taken for the strength of the bond 
of Η with the Si ( 1 1 1 ) surface, while for all Si containing adsorbates a 
value of 226 к J m o l - 1 was used for the Si-Si bond strength. However, bond 
strengths may vary significantly dependent on hybridization and substituents. 
In this section these effects will be evaluated in detail in order to refine the 
surface bond strengths in ref. [5]. To this purpose both electron pairing and 
three-body interactions will be considered first. 
3.2.1. Electron pair ing energies 
When a Si atom has only two atoms attached to it, the configuration with the 
lowest energy will be the one in which the two remaining valence electrons are 
combined in a lone pair. This is consistent with the ground electronic state 
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of SÌH2, which was found to be the 1Ai state and not the 3 Bi state ( see 
ref. [11] and refs. therein ). This implies that if a species like SÌH2 is to form 
a chemical bond with another species, e.g. a crystal surface, the electron pair 
has to be excited to the diradicai state, at the cost of energy. 
Table 1. Electron pairing energies of Si compounds at 298 K. 
Compound Electron pairing energy Selected numbers 
in к J m o l - 1 in к J m o l - 1 
SiH -142.7 [12]. -143 
SiHa -68.6 [12],-73.6 [13,14], -72 
-50.2 [15],-72.4 [16]. 
H3SÍSÍH -39.0 [15],-43.1 [12]. -41 
H2SÍSÍH2 -146.4 [8], -82.0 [12], -146 
-104.6, -143.5 [17], -159.0 [18]. 
SÍ3 -6.3 [19]. -6 
H3SÍSÍSÍH3 -25.1 [20]. -25 
In table 1 some literature values of the so-called "electron pairing" energy 
in several Si compounds are given. The electron pairing energy is the energy 
released when two valence electrons on a Si atom form a lone pair. It is 
clear from this table that because of the high numbers of the electron pairing 
energies, this effect certainly has to be included in the calculation of the 
adsorption heats. 
In the calculations we used the numbers in the last column of table 1. 
The electron pairing energy of H3SÍSÍSÍH3 of-25.1 kJ mol - 1 is required in 
the calculation of the pairing energy of atoms in the broken bond Si ( 0 0 1 ) 
surface ( see below ). We want to remark that the value for H2SÍSÍH2 given 
in the table is not of the formation of a lone pair, but of the formation of a 
π-bond from the two unpaired valence electrons on the Si atoms. Furthermore 
we assume that the SÍ3 molecule is cyclic in the gas phase, as was shown by 
Raghavachari [19]. 
3.2.2. Three-body interactions 
In table 2 bond dissociation enthalpies at 298 К of several Si species are given. 
From this table it can be seen that the more H atoms attached to the Si atoms 
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in a certain compound, the higher the Si-Si bond strength becomes. 
Table 2. Bond dissociation enthalpies of several Si compounds at 298 K. 
Dissociation reaction Enthalpy change in к J m o l - 1 
literature calculated 
Si(s) -> Si(g) ( sublimation of Si ) 452 [24] 452 
H3SÍH2SÍ-SÍH2SÍH3 -» H3SÍH2SÍ + 8іН28іНз 304 [21] 295 
Нз8і-8іН28іНз -» НзЗі + SÍH2SÍH3 312 [7,21] 310 
H3SÍ-SÍH3 -* НзЗі + ЗіНз 320 [7,21] 324 
SÍ3SÍ-SÍH3 - • ЗізЗі + ЗіНз 280 [22,23] 281 
Нз8і-Н -• НзЗі + H 381 [7,21,24] 380 
H3SÍH2SÍ-H -» H3SÍH2SÍ + H 364 [7,21,24] 366 
( H3SÍ )2HSi-H - • ( H3SÍ )2HSi + H 351 [23,24] 352 
( H3SÍ )зЗі-Н -> ( HsSi )з8і + H 339 [22-25] 338 
This implies that even in a very rough estimation it is not enough to 
use the same value of the surface bond strength for all Si compounds, as was 
assumed in ref. [5]. In other words, an interaction term only based on the two 
atoms directly participating in the surface bond ( i.e. pair interaction ) is not 
complete. 
Recently, two of the authors developed a theoretical model for the descrip­
tion of the energetic properties of Si surfaces with and without H adsorption 
[26], in which not only pair-interactions but also three-body interactions are 
considered. This model is an extension and adjustment of the work of Still-
inger and Weber, who used pair and triplet potentials to describe interactions 
in solid and liquid forms of Si [27]. The potential model of ref. [26] can be 
used to estimate the strengthening of Si-Si bonds by neighbouring H atoms, 
in surface-adsorbate bonds as well as gas phase molecules. It turns out that 
( as long as all the bond angles are approximately equal ) this effect can be 
described adequately with the use of the relations: 
A H S J - S I bond = hstSt + i hsiStH + j hs,siSi (3) 
and: 
АН5,_я bond = hs,H + « hsiSiH + к Ляз.я (4) 
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where hsisi and hsm are the two-body contributions to the bond strengths, 
hsiSiH is a three-body interaction term for two Si atoms and one H atom, 
hsiSiSi & term for three Si atoms and HHSÍH for two H atoms and one Si 
atom; t, j and к are the corresponding number of these interactions involved 
in the bond, e.g. the dissociation reaction H3SÍ-SÍH3 —• H3SÍ + SÍH3 can be 
desribed with eq. (3) when 1 = 6 and 3 = 0. 
To give an adequate description of the enthalpy changes for the dissocia-
tion reactions in table 2 the following parameters should be taken: hsisi and 
hsm equal to 204 and 278 kJ mol - 1 , respectively; hsisiH should be taken 
20 kJ mol - 1 , hsisiSi 5.5 kJ mol - 1 and АЯЯІЯ 34 kJ m o l - 1 . With the aid of 
these numbers the dissociation enthalpies in the last column of table 2 result. 
It can be seen that the consistency between literature values and calculated 
values is quite satisfactory, so that the method can be used with confidence 
for the calculation of the heats of adsorption. 
We want to point out that in the reaction Si(s) —• Si(g), which is the 
sublimation of Si, per Si atom which is to be removed from the bulk of the 
lattice, an energy equal to 2 hsisi plus 8 hsisiSi has to be raised. Furthermore 
we want to mention that within the uncertainty range the value of hsm equals 
the dissociation enthalpy of the SiH molecule, viz. 285 к J m o l - 1 [8]. 
3.3. General considerations concerning the entropies a n d heat ca­
pacities 
The entropy and heat capacity changes during adsorption are calculated in 
the same way as was described in ref. [5], with the aid of partition func­
tions. The following structural data will be used: the Si-Η equilibrium bond 
length is assumed to be 0.148 nm for ЗіНз^а, and SiHz.od« and 0.152 nm for 
SiH2,ffo«, SiHpa, and SiHod,, this in contrast to ref. [5], where for all Si-H 
bond lengths 0.152 nm was taken. For the H-Si-H bond angle in SÍH2 93° 
was chosen [8,12,13,16,28-31], for SÍH3 111.2° [8,16,28,32] and for SiH* 109.5° 
( tetrahedral ). These angles were also used for compounds and adsorbates 
with electronically similar central Si atoms, e.g. the Si-Si-H bond angle in 
SiH adsorbed on Si ( 1 1 1 ), which may be considered electronicaly similar to 
gaseous H3SÍSÍH, i.e. with a lone pair on the Si atom, was taken 93°. These 
somewhat different structural data lead to deviations from the entropy and 
heat capacity values reported in ref. [5] of a few percent; e.g. the rotational 
contribution to the adsorption entropy of SiH at 1400 К is now calculated to 
be -19.7 J K - 1 m o l - 1 instead of-20.9 J K - 1 m o l - 1 . 
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In the estimations of the entropy changes during adsorption on Si ( 1 1 1 ) 
and Si ( 0 0 1 )-( 2 x 1 ) the following general assumptions are made: 
a. Single-bound species: all translational contributions to the entropy are lost 
during adsorption. Also the rotational degrees of freedom of the species in the 
gas phase are lost; however, in some cases ( see below ) one degree of freedom 
is gained upon adsorption, viz. rotation around the surface-adsorbate bond. 
With regard to the vibrational contributions, we assume one stretching and 
two bending vibrational modes, in addition to the existing internal vibrations 
of the adsorbates. 
b. Double-bound species: besides loosing all translational contributions to 
the entropy, these species also loose all rotational degrees of freedom, as no 
rotation is possible around the surface-adsorbate bonds. For these species we 
additionally assume one bending and two stretch-bending vibrational modes, 
where it is further assumed that the vibrational force constant is approxi­
mately two times that for single-bound species, because of the approximately 
double surface bond strength in this case. 
с Quadruple-bound species: here the same assumptions as in 6. are made, 
with vibrational force constants approximately four times the ones of single-
bound species. 
The electronic contributions to the entropy change during adsorption are 
calculated according to the methods discussed in ref. [5]. 
Below we shall use the following notations: for species with one bond 
to the surface: μ 1 , with two bonds: μ 2 , and with four bonds: μ 4 . As an 
exception to this the notation μ 1 will be omitted for species which can only 
adsorb with one bond to a specific surface. 
3.4. General remarks o n t h e adsorpt ion i sotherms 
As in this study also adsorbates occupying more than one adsorption site will 
be considered, the equations for the calculation of the surface coverage used 
in ref. [5] have to be reconsidered. 
The subject of our interest is the coverage of Si surfaces with all possible 
species in all possible configurations. To calculate the different fractions of 
surface sites covered with species occupying one and species occupying two 
sites the following method can be followed ( based on the Langmuir model of 
adsorption ): 
(a) for species t occupying one site the fractional coverage 0 ^ is given as 
( see ref. [5] ): 
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0i,t = ΑΊ,· P¿ 9» (5) 
with 9* is the fraction of empty sites, K\¿ the adsorption equilibrium constant 
and p¿ the partial pressure of the species t in the gas phase. 
(b) for species j occupying two surface sites the fraction of sites covered, $2,3 
is given as: 
i a j = 2 с K2,j ρ, 9l (6) 
analogous to eq. (5). This relation follows from the derivation of the con-
figurational part of the partition function of a polymer molecule in solution 
( the Flory-Huggins polymer solution theory, see e.g. ref. [33] ), when the 
length of the polymer is assumed to be two atoms. In this way account is 
taken of the requirement that for the adsorption of the double-bound species 
two neighbouring sites should be unoccupied. The constant с in eq. (6) is the 
coordination number of the sites on the surface, e.g. for a hexagonal lattice, 
like Si ( 1 1 1 ), с = 6. 
The fraction of empty surface sites, 9», to be inserted in eqs. (5) and (6), 
can be calculated with the aid of the equation: 
η m 
ff. = 1 - 2Z h'* ~ ¿2 2'і 
» = 1 J = l 
η m 
= 1 - Σ «и Pi θ. - 2 с Σ K2j ρ, І (7) 
t = l 3=1 
where η and m are the numbers of different species ί and j , resp. With the 
equilibrium constants discussed before and the partial pressures from figs. 1 
and 2 eq. (7) can be solved for ff., and subsequently θχ^ and ff^.y can be 
calculated. In the next sections this will be applied to Si ( 1 1 1 ) and dimer 
reconstructed Si ( 0 0 1 ). 
4. Adsorption on Si ( 1 1 1 ) 
4.1. Adsorption enthalpies 
When the effects mentioned in the foregoing paragraph are included in the 
estimation of the adsorption enthalpies of those species in figs. 1 and 2, which 
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in our view are able to form a chemical bond with the Si ( 1 1 1 ) surface, the 
data of table 3 result. We think it useful to discuss the origin of these data 
more detailed: 
(a) For the adsorbates Si, SiH, SÌH3, SÌH2SÌH3 and μ1-8ί2 the adsorption 
enthalpy was derived with the aid of eq. (3) ( note that the adsorption 
enthalpy is the negative of the bond strength ), for Η it was derived with 
the aid of eq. (4). 
(b) The adsorption enthalpy of the species SÌH2, H3SÌSÌH and ^-НзЗіЗіНз 
was derived with the aid of eq. (3) and the pairing energies in table 1 
( the pairing energies make the adsorption enthalpies less negative ). 
(c) The adsorption enthalpy of р1-8із was also derived with the aid of eq. (3) 
and table 1, however, in this case we included a small term to correct 
for the loss of resonance possibilities during adsorption. This term was 
estimated to be approximately 7 % [34] of a total resonance energy of 
262 к J mol" 1 [19]. 
(d) For the double-bound species the adsorption enthalpy is estimated as 
follows: 
(i) For μ2-8ί2 we have: 
А Н ^ з э в
 = - 2
 hsiSi - 8 hsiSisi + hdeftsi3, 
where hdef,si3 is the enthalpy change caused by the deviation of the 
surface bond angles from the energetically most favourable tetrahedral 
value of 109.5°. With the aid of the potential model of ref. [26] this term 
is calculated to be 46 к J m o l - 1 . 
(it) For M2-H2SiSiH2 we have: 
AH£¿29e = - 2 hsiSi - 8 hsiSiSi - 4 hsisiH - PH,SÍSÍH, + 
hdef,HiSiSiH3, 
where Рн-,Зі8іНі is the electron pairing energy of table 1; in this case 
the deformation enthalpy hde/ H^SÍSÍHJ is calculated to be 71 kJ mol - 1 
[26]. 
(Hi) For /і2-8із we get: 
^^ad,29S = ~hsiSi - 6 hsiSiSi + ARs.j + Kelax,Si31 
where ARs¿3 is the resonance energy mentioned in с This species has 
the possibility to relax to the energetically favourable tetrahedral angles 
upon adsorption, which leads to a lowering in enthalpy. This relaxation 
enthalpy, h
re
i
aXtsi3, is estimated to be - 121 kJ m o l
- 1
 [26]. Note that in 
this case the pair interaction is taken only once. This is done so because 
if it is assumed that S13 has a cyclic form in the gas phase [19], one Si-Si 
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bond has to be broken in the molecule in order to form two bonds with 
the surface. In this procedure the electron pairing energy will not be 
affected. 
Table 3. Enthalpy and entropy changes at 298 К for adsorption on Si ( 1 1 1 ). 
S P e c i e s ΔΗα<ί,2&β А Заа,2ав 
in к J m o l - 1 in J K - 1 m o l - 1 
Species with one bond to the surface: 
Η 
Si 
SiH 
SiHa 
SÍH3 
SÍ2H5 
H3SiSiH 
/ЛНзЗІЗіНз 
/i^Sia 
μ1-Sìa 
-338 
-221 
-241 
-189 
-281 
-266 
-205 
-120 
-226 
-217 
-117 
-118 
-127 
-129 
-155 
-191 
-176 
-179 
-140 
-218 
Species with two bonds to the surface: 
/ЛНзЗіЗШг -315 -253 
μ2-8Ϊ2 -406 -202 
μ2-8ί3 -340 -278 
4.2. Adsorpt ion entropies and heat capaci t ies . 
In table 3 the calculated changes in entropy for adsorption on Si ( 1 1 1 ) at 
298 К are shown. Some of the values differ from the ones reported in ref. [5], 
because of the somewhat different structural data ( see above ). 
It is calculated that the integrated temperature corrections at e.g. 1400 К 
for the adsorption enthalpy of all species range from -9 to 4 к J m o l - 1 , which 
is absolutely within the range of uncertainties in the estimated heats of ad­
sorption. Therefore we do not specify these values here, although they were 
taken into account in the calculations. 
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4.3. Surface coverage 
With the aid of above adsorption data and eqs. (5) to (7) ( taking с = 6 ) the 
coverage of the Si ( 1 1 1 ) face was calculated for the gas phase equilibrium 
compositions of figs. 1 and 2. The results are shown in figs. 3 and 4. 
logo log 0 
-12. 
ι ι 1 I 
800 1000 1200 1400 1600 
Τ / К 
Fig.3. 
Equilibrium surface coverage of 
Si ( 1 1 1 ) for the gas phase com­
positions in fig. 1 ( homogeneous 
equilibrium ). * is used to indicate 
the fraction of empty surface sites. 
Broken lines indicate double-bound 
species. The graph is also represen­
tative for adsorption on a dimer 
reconstructed Si ( 0 0 1 ) surface 
( see section 5.4 ). 
800 1000 1200 1400 
T/ К 
1600 
Fig.4. 
Equilibrium surface coverage of 
Si ( 1 1 1 ) for the gas phase com­
positions in fig. 2 ( heterogeneous 
equilibrium ). The graph is also 
representative for adsorption on a 
dimer reconstructed Si ( 0 0 1 ) 
surface where the dimer bonds remain 
intact ( see section 5 ). 
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It can be seen that in both the homogeneous ( fig. 3 ) and the heteroge-
neous ( fig. 4 ) equilibrium situations H is the most important species on the 
Si ( 1 1 1 ) surface, which aggrees with the results of ref. [5]. 
In the homogeneous case SÌH3 is the most important growth species on 
the surface for temperatures below approximately 1180 K, while at higher 
temperatures μ2·8Ϊ2 is the most important. In this case the surface coverage 
of the most important species increases from 3 X 1 0 - 3 at 800 К to 5 χ I O - 2 at 
approximately 1400 K; above 1400 К the surface coverage of μ2-8Ϊ2 decreases 
to 3 χ 1 0 - 2 at 1600 K. Note that the unsaturated species which are dominant 
in the gas phase ( SÌ3, ЗіНз, H2SÌSÌH2 ) do not dominate on the surface. 
In the heterogeneous case for temperatures below approximately 1450 К 
ЗіНз is found to be the most abundant growth species on the surface, while 
above 1450 К SiH is the most important. The coverages of these species are 
in the range 4 x 10~8 to 1 X 1 0 - 6 , and increase with increasing temperatures. 
The above conclusion that SÌH3 and μ2-8Ϊ2 are the most important Si 
species during epitaxial growth on the Si ( 1 1 1 ) surface is clearly in contrast 
with the assumption of several authors that SÌH2 is the main species respon-
sible for the growth of Si from silane ( for a review see e.g. [35] ). The most 
important reason for this discrepancy is that the gas phase compositions used 
in our calculations of the surface coverage are equilibrium compositions. We 
shall illustrate this with an example. 
In the equilibrium situations of figs. 1 and 2 at 1200 К the partial pressure 
of SÌH3 is only slightly different from that of SÌH2. In the adsorption layers 
calculated with these partial pressures, depicted in figs. 3 and 4, the coverage 
of SÌH3 at 1200 К is about 300 times that of SÌH2. This shift in relative 
importance as compared to our previous paper [5] is mainly caused by the 
negative influence of the electron pairing energy on the adsorption properties 
of SÌH2 with respect to those of SÌH3. 
However, with the aid of the kinetical data of Coltrin et al. [7] it can 
be calculated that the rate of formation of SÌH3 from SÌH4 at e.g. 1200 К 
is approximately 10~4 times that of SÌH2 from SÌH4. So in a kinetic picture 
SÌH2 will become much more important in the gas phase than SÌH3. This 
will be reflected on the adsorption layer, which implies that because of the 
gas phase kinetics SÌH2 might still be a more important contributor to the 
growth of Si than SÌH3. This idea will be pursued in a forthcoming paper. 
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5. Adsorption on Si ( 0 0 1 )-( 2 x 1 ) 
5.1. Dimer reconstruction 
In fig. 5 the atomic structure of the Si ( 0 0 1 )-( 2x1 ) surface is shown 
as it is assumed to be according to recent literature. On this surface pairs 
of neighbouring surface atoms form new bonds, which are not present in the 
bulk of the crystal lattice. As will be discussed below, the newly formed bond 
consists of a σ and a τ contribution. 
SIM 
Fig.5. 
Schematical drawing of the 
Si ( 0 0 1 )-( 2x1 ) surface with 
dimer reconstruction. Surfeice and 
bulk atoms are indicated by open jQp 
circles, where atoms with larger di­
ameters are closer to the surface 
( compare with fig. 3 of chapter 6 ). 
A lot of theoretical research has been devoted to the determination of the 
enthalpy change which occurs upon the formation of a dimer from the surface 
atoms as present in the broken bond configuration of the ( 0 0 1 ) surface. 
From the very extensive literature a value of -( 200 ± 40 ) kJ m o l - 1 [36-39] 
can be derived for this enthalpy change. 
It is possible to consider the process of the formation of a single dimer 
from two ( 0 0 1 ) surface atoms in the broken bond configuration as a se­
quence of several energy steps. This is outlined in fig. 6. Scanning Tunneling 
Microscopy ( STM ) investigations have shown enhanced electron density 
between the surface Si atoms [40], which may indicate that π-bonding is im­
portant in the dimers. This is consistent with a dimer length of 0.228 nm [38], 
which is somewhat shorter than the bulk bond length of 0.235 nm. 
The enthalpy changes in the different processes depicted in fig. 6 are as 
follows: 
A. de-pairing of the two Si ( 0 0 1 ) surface atoms in the broken bond 
configuration occurs at the cost of 34 к J m o l - 1 . This number is derived 
^A^vOv 
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from the electron pairing energy of the species H3SÌSÌSÌH3 ( see table 1 ), 
including corrections [26] for the different bond angle on the surface with 
respect to the bond angle in the latter compound. 
The angle-deformation energy is calculated to be 67 к J m o l - 1 [26]. 
The σ-bond energy is -226 к J m o l - 1 ( i.e. - hsisi - 4 hsisisi )· 
The π-bond energy will be -59 к J m o l - 1 . This number is derived from 
the semi-empirical data in ref. [22]. 
These contributions add to a total reconstruction enthalpy of-184 kJ m o l - 1 , 
which agrees well with the above mentioned literature values. 
Si ( 0 0 1 ) - ( I x l ) 
B. 
С 
D. 
« 
Fig.6. 
Schematical drawing to illustrate 
the different contributions to 
the dimer binding enthalpy on 
Si ( 0 0 1 )-( 2x1 ). 
i* de-pairing 
Ó Ô 
•
 B
 deformation 
σ-bond formation 
7r-bond formation 
Si ( 0 0 1 ) - ( 2 x 1 ) 
5.2. Adsorption enthalpies 
For each species several ways of adsorption are possible, dependent on 
the number of dimer bonds broken and the adsórbate position with respect 
to the dimers. In this study we shall only consider the adsorption processes 
depicted in fig. 7, i.e. single, double and fourfold bound adsorbates. In the 
following sections we will first consider the single-bound adsorbates, followed 
by the discussion of the adsorbates with two or four bonds to the surface. 
(a) Single-bound species 
These species may adsorb in two different ways: 
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(i) without the breaking of the σ bond. In this process the enthalpy change 
during adsorption will depend on whether or not already species have ad­
sorbed on one of the atoms which form the dimer bond. If no species has 
adsorbed yet, the newly adsorbing species have to raise the π-bond energy, 
which makes their adsorption enthalpies less negative. On the other hand, 
if already some species has adsorbed on one of the atoms forming the dimer 
bond, this π-bond energy has already been raised. In this latter case it can 
be calculated with the aid of eqs. (3) and (4) that the adsorption enthalpies 
are equal to the ones for adsorption on Si ( 1 1 1 ). 
Fig.7. 
Possible ways of adsorption on 
Si ( 0 0 1 )-( 2 x 1 ). 
(a) Empty surface plus free gas 
phase species; 
(b) Adsorption without the 
breaking of dimer bonds; in the 
top view also the configuration of 
an adsórbate with two bonds to 
the surface is shown; 
(c) Adsorption into a dimer 
bond, with the formation of two 
bonds to the surface; 
(d) Adsorption in between two 
dimer bonds, where both dimer 
bonds are broken. 
SIDE VIEW TOP VIEW 
(ii) with the breaking of the complete dimer bond. The enthalpy change in 
this adsorption process will also depend on the presence and the nature of the 
species which have already adsorbed on the surface atoms forming the dimer 
bond. If some species has already adsorbed, say via a Si-X bond ( X may be 
Si or Η ), one ÄsiStX-term will be lost upon the breaking of the total dimer 
bond. However, if the new and the old adsórbate are both bound to the same 
86 
surface atom, an extra three-point energy term will be gained. Finally, if no 
species has yet adsorbed on the atoms forming the dimer bond, the newly 
adsorbing species will have to raise both the ж and the σ contribution to the 
dimer bond energy. 
Suppose we assign numbers to the two surface atoms forming the dimer 
bond and call the species which has already adsorbed on surface atom I "X" 
and the one adsorbed on surface atom II "Y". X and Y may be either "H", 
or "Si" ( i.e. any species which is bound via a Si-Si bond ) or "empty" ( i.e. 
no species present ). Suppose that the newly adsorbing species adsorbs on 
surface atom I. Thus, together with the possibility of whether or not the σ 
dimer bond will be broken, for a specific gas phase species a total of eleven 
different adsorption processes is possible. 
As an example of the above we show in table 4 the enthalpy changes 
in these different adsorption processes for the case of H. As said above, it is 
assumed that the newly adsorbing Η atom becomes bound to surface atom I, 
i.e. the surface atom to which "X" is already bound. 
The adsorption enthalpies in table 4 are derived as follows: the basic 
adsorption enthalpy of Η on Si ( 0 0 1 )-( 2 x 1 ) is -338 kJ m o l - 1 , which is 
the same as the adsorption enthalpy on Si ( 1 1 1 ) and is obtained with the 
aid of eq. (4), taking η = 3 and m = 0. This value occurs for adsorption of H 
on position I, when already an adsórbate is present on site II of the surface 
dimer. When no adsórbate is attached to the dimer, the adsorption enthalpy 
of H has to be reduced with the π-bond energy of the dimer, i.e. D in fig. 6. 
If it is assumed that the adsorption of H leads to the breaking of the 
total dimer bond, the above basic adsorption enthalpy of-338 kJ m o l - 1 has 
to be reduced with the total reconstruction energy plus hsism', the hsiSiH 
term arises because the surface Si atom after breaking of the dimer bond has 
only two Si neighbours, in contrast to the three neighbours in the situation 
where the dimer bond is intact. Furthermore the pairing energy of one broken 
bond surface atom ( i.e. 17 к J m o l - 1 ) has to be added. This leads to an 
adsorption enthalpy of -117 к J m o l - 1 . Modifications of this value appear 
as a consequence of the absence or presence of substituents on the original 
dimer. The corrections on the basic adsorption enthalpy mentioned above are 
indicated in the table. The enthalpy parameters А, В, С and D are specified 
at the end of section 5.1 and in fig. 6. 
The last column of table 4 gives the fraction of sites covered with H, 
calculated with the use of the data in fig. 2 for a temperature of 1400 K. 
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Table 4. Adsorption enthalpies of H on atom I of the Si ( 0 0 1 )-( 2x1 ) surface at 298 K. 
breaking of 
dimer ? 
no 
no 
yes 
yes 
yes 
yes 
yes 
yes 
yes 
yes 
yes 
X 
empty 
empty 
empty 
Si 
empty 
H 
empty 
Si 
H 
H 
Si 
Y 
empty 
H or Si 
empty 
empty 
Si 
empty 
H 
Si 
H 
Si 
H 
Δ Η ^ 
in kJ mol 1 
-279 
-338 
-117 
-196 
-159 
-190 
-139 
-179 
-153 
-173 
-159 
enthalpy 
correction^ 
- D 
-B-C-D-A/2 + hsisiH 
-B-C- A/2 
-B-C + hsisiH 
-B-C-A/2 + 2 hsisiH - hHsiH 
-B-C + 2 hsisiH 
-B-C 
-B - С + 3 hsisiH - ЬНЗІН 
-B-C + 2 hsisiH - hHSiH 
-B-C + hsisiH 
н
 at 
1400 К* 
4.6 IO" 2 
8.8 IO" : 
4.3 IO" 8 
3.8 IO" 6 
1.6 I O - 6 
2.3 IO" 6 
2.8 IO" 7 
8.9 I O - 6 
9.5 IO" 7 
5.3 IO" 6 
1.6 I O - 6 
'Л, В, С and D are specified in section 5.1 and fig. 6; hsisiH a n d hnsiH are defined in section 3.2. 
*the H coverage is calculated for the partial pressure of H at 1400 К in fig. 2 ( the heterogeneous equilibrium 
situation ). 
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As can be seen, adsorption of H is mainly due to saturation of the jr-bond, 
leaving the σ bond intact. Only a minor fraction of the dimer bonds is broken 
up. It can also be seen that this very small fraction of broken dimer bonds 
becomes higher, when already adsorbates are present on the dimer bond. 
The conclusion from these calculations is that Η adsorption does not lead 
to the breaking of dimer bonds ( at least not at the partial pressures of Η 
considered in this paper ), only the χ bond will be broken. This is consistent 
with the results of several recent surface studies [41-45]. Even when the 
Si ( 0 0 1 )-( 2x1 ) surface is subjected to high amounts of H, not all of 
the surface dimers are broken [46]. The above means that Η adsorption on a 
dimer reconstructed ( 0 0 1 ) surface is analogous to adsorption on a ( 1 1 1 ) 
surface. 
Table 5. Adsorption enthalpies of doubly and fourfold bound Si compounds 
on Si ( 0 0 1 )-( 2x1 ) at 298 K. 
Species way of ΔΗ«^ Δ Η ^ , Δ Β ^ 
adsorption in kJ m o l - 1 in kJ m o l - 1 in J K - 1 m o l - 1 
( π-bonds ) ( n o π-bonds ) 
μ2-5ϊ 
μ2-8ίΗ 
M2-SiH2 
М
2
-НзЗІЗІН 
μ2-8ί2 
μ2-8ί2 
μ4-8ί3 
/i 4 -Si 3 
μ 4 -8ΐ3 
μ4-8ί3 
с 
с 
с 
с 
с 
à 
с 
d 
с 
d 
-218 
-112 
-226 
-228 
-229 
-46 
-330 
+38 
-164 
+204 
-277 
-171 
-285 
-287 
-288 
-114 
-448 
-198 
-282 
-32 
-141 
-172 
-179 
-241 
-202 
-202 
-214 
-214 
-293 
-293 
Similar calculations as in table 4 have been performed for single-bound Si 
species. For the simple reason that all these species have lower surface bond 
strengths than H, the obvious result is that also the single-bound Si species 
will adsorb via only the breaking of the π part of the dimer bond, but that 
they are not able to break a significant fraction of the dimer bonds. For that 
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reason we will ignore the insertion of single-bound species into dimer bonds 
completely. 
(Ъ)Double- and quadruple-bound species 
These species can adsorb either in configuration b or с or d of fig. 7. For the 
reasons discussed above the adsorption enthalpy of double-bound adsorbates 
in situation b in fig. 7, i.e. in a configuration in between and perpendicular to 
two dimer bonds, will be the same as on Si ( 1 1 1 ), reduced by one or two 
times the π-bond energy of the dimer, if already some species have adsorbed 
on the atoms forming the dimer bonds. 
For situations с and d of fig 7 the adsorption enthalpies are listed in table 
5. For the species Si, SiH, SiHa and HaSiSiH we only show the adsorption 
enthalpies for possibility c, i.e. insertion into a dimer bond. The adsorp­
tion enthalpy for process d would always be 184 к J m o l - 1 ( i.e. the total 
reconstruction enthalpy ) less negative than the values presented in table 5. 
This way of adsorption is therefore unimportant with respect to the insertion 
process. 
For the species Sij we show in table 5 the adsorption enthalpies for both 
ways of adsorption with two or four bonds. Here it can clearly be seen that 
adsorption process d in fig. 7 is very improbable: even a positive adsorption 
enthalpy appears. The same holds for the adsorption of Sis with four bonds 
in the d-configuration ( see table 5 ). 
Summarizing the results from this paragraph we can say that on dimer 
reconstructed Si ( 0 0 1 ) - ( 2 x 1 ) two ways of adsorption are likely: 
(I) adsorption of single or double-bound species according to b in fig. 7. The 
corresponding adsorption enthalpies will be similar to those on Si ( 1 1 1 ), 
or, in the case that no substituents are present on the dimers, the values 
for Si ( 1 1 1 ) minus one or two times the π-bond energy, dependent on 
the number of adsorbate-surface bonds to be formed. 
(II) adsorption according to configuration с in fig. 7, i.e. the insertion of 
species into dimer bonds. This may occur with the formation of two or 
four adsorbate-surface bonds, dependent on the nature of the species. 
The corresponding adsorption enthalpies are given in table 5. 
5.3. Adsorption entropies 
The adsorption entropies for single- and double-bound species which do not 
break the dimer bond upon adsorption, are equal to those on Si ( 1 1 1 ) ( see 
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table 3 ). The adsorption entropies for species which insert into the dimer 
bonds are shown in the last column of table 5. 
800 10П0 1200 li'nn 1600 Rl'lO 1000 1200 1400 1600 
Fig.8. 
Equilibrium surface coverage of the Si ( 0 0 1 )-( 2x1 ) surface as a function 
of temperature. The fraction of species inserted into dimer bonds is shown 
for (a) the homogeneous equilibrium gas phase composition of fig. 1; (b) the 
heterogeneous equilibrium gas phase composition of fig. 2. In these two figures 
* is the fraction of unbroken dimer bonds. 
5.4. Surface coverage 
When it is assumed that no dimer bonds are broken, it can be calculated 
that in the homogeneous as well as in the heterogeneous equilibrium case the 
( 0 0 1 )-( 2x1 ) surface will contain H in fractions ranging from 0.7 at 800 К 
to a fraction below 0.05 at 1600 K. However, these coverages are calculated 
with the assumption that the original surface is empty, i.e. all electrons on the 
surface atoms are shared in π and σ bonds. Because of the high Η coverage 
a newly adsorbing species will not have to raise the dimer jr-bond energy. As 
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was discussed above, this means that the actual adsorption enthalpies of all 
adsorbates on dimer reconstructed Si ( 0 0 1 ) will be very close to ( but 
less negative than ) the adsorption enthalpies on Si ( 1 1 1 ). Therefore the 
coverage will also be only slightly different from ( somewhat lower than ) that 
on the Si ( 1 1 1 ) surface represented in ñgs. 3 and 4. For this reason we do 
not think it very useful to represent these coverages in a separate figure. It 
must be noted though that in the ( 0 0 1 ) case the coverage of the μ2 species 
is due to adsorption on two neighbouring dimers ( leaving the σ bonds of the 
dimers intact ). As on ( 0 0 1 )-( 2x1 ) the coordination number c, to be used 
in eq. (6), is 2, compared to 6 on ( 1 1 1 ), the coverage of μ 2 species in the 
( 0 0 1 ) case is an extra factor 3 lower than on ( 1 1 1 ). 
Next we shall investigate the insertion of adsorbates into the dimer bonds. 
As mentioned above, the surface dimers on Si ( 0 0 1 )-( 2x1 ) will most prob­
ably have a high amount of Η attached to them. In that case it is best to use 
the enthalpy data without a π-bond contribution. The surface coverage calcu­
lated with these data are shown in figs. 8a and b for the cases of homogeneous 
and heterogeneous equilibrium, respectively. 
It can be seen in fig. 8a that in the homogeneous equilibrium assumption 
a large fraction of the dimer bonds is broken as a result of the insertion of 
/i4-SÍ2 species. Furthermore at lower temperatures a substantial fraction of 
the dimer bonds is broken because of the insertion of SÍH2 species, while at 
temperatures close to 1600 К a few percent of the dimer bonds is broken by 
the insertion of atomic Si. 
On the other hand, in the heterogeneous equilibrium of fig. 8b almost no 
dimer bonds are broken, while the fraction of inserted species is always lower 
than 3 X 10~4. This proves that during CVD under equilibrium conditions 
the ( 0 0 1 ) surface is a stable, dimer reconstructed surface. 
Combination of the results of figs. 3 and 4 with those in figs. 8a and b, 
respectively, gives a picture of the total coverage of the dimer reconstructed 
Si ( 0 0 1 ) - ( 2 x 1 ) surface. For the heterogeneous case the result is simply a 
superposition of figs. 4 and 8b. This is shown in fig. 9. 
Fig. 9 can be interpreted in terms of crystal growth in the following way: 
(a) As discussed above, /i4-SÍ2 can be considered as small two-dimensional 
nuclei on the surface. It can be seen in fig. 9 that the fractional coverage of this 
species in the heterogeneous case is relatively low at all temperatures. This 
means that nucleation on the surface is almost neglegible during growth at low 
supersaturations, which indicates the F-character of the dimer reconstructed 
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Si ( О О 1 )-( 2χ 1 ) surface ( see also réf. [49] ). 
log О 
0 . 
Fig.9. 
Total coverage of dimer recon-
structed Si ( 0 0 1 )-( 2x1 ) in 
the heterogeneous equilibrium 
assumption. This figure is a su- .4. 
perposition of figs. 4 and 8b. 
Only the species which are rele­
vant in the discussion of growth -6. 
on this surface are shown. 
-8. 
-10 
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(b) Because of the before mentioned F-character, the ( 0 0 1 ) surface will only 
grow by the presence of atomic steps. It can be seen in fig. 9 that the species 
which "feed" these steps during growth might be SÌH3 at low temperatures 
and SiH and Si at higher temperatures, because these species are the most 
abundant ones with only one bond to the surface and will therefore require 
the lowest activation energy for surface diffusion to the step edges. However, 
as was already discussed at the end of section 4.3, one has to be careful with 
conclusions on the role of SÌH3 on the surface, because the gas phase kinetics 
are in favour of SÌH2. 
For the homogeneous case, i.e. at high supersaturation, the situation is 
very different, however. Because a large fraction of the dimer bonds is broken 
by the adsorption of μ4-3ί2 species ( see fig. 8a ), the surface has been changed 
to such an extent, that it cannot be considered as a fiat Si ( 0 0 1 ) - ( 2 x 1 ) 
surface anymore. That is, adsorbed μ4-8Ϊ2 species can be considered as two 
surface atoms forming a dimer bond perpendicular to the dimer bonds on the 
original surface. This is outlined in fig. 10, which shows a top view of the 
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surface with several adsorbed μ4 species close to one another. 
If one considers the adsorption on the sites indicated by D2 and D4 in 
fig. 10, it can be seen that on site D2 a μ2 species can adsorb in a similar 
configuration as depicted in fig. 7<J, however, without the necessity to break two 
dim er bonds. The latter implies that adsorption in this position has become 
very favourable. Similar reasoning applies to the adsorption of μ4 species in 
sites D4. It follows that on the dimer reconstructed ( 0 0 1 ) surface adsorbed 
μ4-8ί2 species actually are small two-dimensional growth clusters and that 
as a result of the adsorption of these μ4-8Ϊ2 species the surface has become 
kinetically rough. 
Fig.10. 
Schematical drawing of the dimer reconstructed Si ( 0 0 1 ) - ( 2 x 1 ) surface 
with several adsorbed μ4 species. D2 and D4 indicate the especially favourable 
adsorption positions for μ 2 and μ4 species, respectively, mentioned in the text. 
Because, as is shown above, the coverage of sites D2 and D4 depends 
on the number of broken dimer bonds, the total coverage of the ( 0 0 1 ) 
surface cannot be considered as a simple superposition of figs. 3 and 8a. We 
think that it is hardly possible to calculate the total surface coverage for this 
situation with only the methods described in this paper ( i.e. with simple 
Langmuir isotherms ). More promising methods to solve problems of this 
kind probably are molecular dynamics investigations [48,49] or Monte Carlo 
simulations [26,50]. 
In our view the actual growth on a ( 0 0 1 ) surface for normal super-
saturation mainly will be governed by the adsorption and diffusion of single 
bound growth species. This idea is based on the experimentally observed step 
features ( see e.g. ref. [47] ). Extra steps are generated however by the ad-
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sorption of μ4 or μ2 Si species which act as nucleation centra on the surface 
between the steps. 
6. Final r e m a r k s 
The derived value of -338 к J m o l - 1 for the enthalpy of adsorption of H on 
the Si ( 1 1 1 ) ( table 3 ) and the H covered Si ( 0 0 1 )-( 2x1 ) ( table 4 ) 
surfaces and the value of -279 к J m o l - 1 for the enthalpy of adsorption of H on 
an empty Si ( 0 0 1 )-( 2x1 ) surface ( table 4 ) can be compared with several 
recently published adsorption heats of H: values ranging from -300 to -340 
к J m o l - 1 were found for adsorption on Si ( 1 1 1 ) [51], while for adsorption 
on poly-crystalline Si values of-318 kJ m o l - 1 [52], -308 and -354 kJ m o l - 1 
[41] were reported. For adsorption on amorphous Si values ranging from -270 
to -360 kJ m o l - 1 [22] and -328 kJ m o l - 1 [53] were reported. Finally, two of 
the authors of the present paper recently have derived an adsorption heat of 
( -316 ± 5 ) kJ m o l - 1 for the adsorption of H on partially Cl-covered Si 
surfaces with cry stallo graphic orientations in the < 1 1 0 >-zones [54]. 
Note that all the above values are within the range -270 to -360 к J m o l - 1 , 
which in fact is a relatively small range considering that these values are mea­
sured or calculated for different crystallographic orientations and for different 
surface coverages. 
7. S u m m a r y 
In this study thermodynamical data were derived for the adsorption of those 
gas phase species which might be important in the chemical vapour deposi­
tion of Si from silane. In the estimations of the enthalpies electron pairing 
effects and two- and three-body interactions were included. The adsorption 
processes on two different surfaces were discussed, viz. Si ( 1 1 1 ) and dimer-
reconstructed Si ( 0 0 1 ) - ( 2 x 1 ) . Of the species in the gas phase which may 
adsorb on these surfaces, some may adsorb in different configurations, viz. 
with one, two or even four bonds to the surface. It weis assumed that adsorp­
tion on Si ( 1 1 1 ) occurs on the dangling bonds which are present on the 
broken bond surface, and it was demonstrated that on the Si ( 0 0 1 )-( 2x 1 ) 
surface adsorption may occur on the atoms involved in the dimers, without 
the breaking of the dimer bonds, but that if species have the capacity to form 
two or four bonds with the surface, the adsorption of these species into the 
dimers is more likely. 
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The coverage of the Si ( 1 1 1 ) and the dimer reconstructed Si ( 0 0 1 )-
( 2x1 ) surfaces as a function of temperature was calculated for two differ­
ent gas phase compositions, viz. for zero and for high supersaturation. It 
was shown that at zero supersaturation the equilibrium Si coverage of the 
Si ( 1 1 1 ) and Si ( 0 0 1 )-( 2x1 ) surfaces is low, which indicates that on 
these two faces a barrier to the formation of two-dimensional growth clusters 
is present. 
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CHAPTER 6 
EQUILIBRIUM STRUCTURE OF Si ( О 0 1 ) 
IN RELATION TO ADSORPTION 
PROCESSES DURING SILICON CVD 
J. G. Б. Gardeniers, F. de Jong and L. J. Giling 
Submitted to Surface Science. 
Abstract 
The equilibrium coverage of the Si ( 0 0 1 )-( 1x1 ) surface with species from 
the Si-Η CVD system at 1 atm is calculated as a function of temperature. It is 
found that for all temperatures between 800 and 1600 К the Si ( 0 0 1 )-( l x 1 ) 
surface is almost completely filled with growth species. This result is consis­
tent with the prediction from PBC theory that the broken bond Si ( 0 0 1 ) 
face is a rough face, but clearly in contradiction with experimental observar 
tions of { 0 0 1 } faces on silicon crystals and the presence of growth steps on 
these faces. 
By an investigation of the effect of supersaturation on the coverage of 
the dimer reconstructed Si ( 0 0 1 )-( 2 x 1 ) surface it is demonstrated that 
the dimer reconstruction provides a barrier for the nucleation of growth on 
this surface. Comparison with the effects of supersaturation on the coverage 
of Si ( 1 1 1 ) shows that growth on the ( 1 1 1 ) and the dimer reconstructed 
( 0 0 1 ) faces is very similar. Because of the nucleation barriers on these two 
faces, they will both grow by steps. 
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1. I n t r o d u c t i o n 
Although it is generally accepted that surfaces of e.g. semiconductor and 
metal crystals cannot be considered as mere intersections of the bulk crystal 
along a specific crystal plane, but are reconstructed in some way, many re­
search workers in the field of crystal growth still continu to use broken bond 
models. The use of the broken bond view of crystal surfaces is based on the 
Periodic Bond Chain ( PBC ) theory, introduced by Hartman and Perdok [1]. 
Although this theory has given a correct prediction of the growth habit of 
many different crystals ( see e.g. ref. [2] ), it fails in the case of diamond and 
zincblende structure crystals like Si, diamond and GaAs. 
PBC theory predicts that on the diamond type crystals the { 0 0 1 } 
faces are K-faces ( К for " kinked" ) and these faces should therefore be atom-
ically rough; no nucleation barrier should exist on these faces, which means 
that these faces have the highest possible growth rate and should not exhibit 
growth steps. 
Fig.l. 
Photograph of part of a 
hemispherical crystal after 
growth from a SÌH2CI2-HCI-H2 
mixture with a Cl/H-ratio of 
0.06, a supersaturation of 0.02 
and a temperature of 1120 0C at 
atmospheric pressure. This 
demonstrates the presence of a 
stable { 0 0 1 } facet during 
growth at low supersaturations. 
However, this is clearly in contradiction with the frequent observation 
of well-developed { 0 0 1 } facets on the above mentioned crystals. A nice 
example of this is shown in fig. 1, which is a photograph of a { 0 0 1 } facet on 
a hemispherical silicon substrate grown by conventional CVD from a SÌH2CI2-
HCI-H2 mixture at 1120 0C and 1 atm [3]. An extensive summary of evidence 
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for the existence of stable { 0 0 1 } faces and the presence of growth steps on 
these faces during crystal growth can be found in ref. [4]. 
The purpose of this paper is to demonstrate that during crystal growth 
by atmospheric pressure С VD the ( 0 0 1 ) face of silicon cannot be considered 
as a truncated bulk crystal, because in that case even at zero supersaturation 
the surface will be completely covered by growth species. The fact that this 
is inconsistent with experimental observations indicates that the ( 0 0 1 ) face 
also under CVD conditions must be reconstructed in some way. It will be 
demonstrated that the often reported ( 2x1 ) dimer reconstruction is a good 
candidate, because it provides a barrier for the nucleation of growth clusters 
on the ( 0 0 1 ) surface. 
2. Adsorpt ion on Si ( 0 0 1 )-( 1 x 1 ) 
In two recent papers [5,6] a procedure was described how to calculate the 
coverage of silicon surfaces in the presence of equilibrium gas phase mixtures. 
In the following this procedure will be applied to calculate the equilibrium 
coverage of the broken bond Si ( 0 0 1 ) surface. 
Fig.2. 
Equilibrium gas phase composi­
tion in the Si-Η system at 1 atm 
as a function of temperature for 
the so-called "heterogeneous" 
equilibrium assumption ( see ref. 
[5])· 
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2.1. Equil ibr ium gas phase composition in t h e Si-Η system 
With the aid of the same thermochemical data as used in ref. [6], the com-
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position of the gas phase in equilibrium with solid silicon was calculated as a 
function of temperature. The result is shown in fig. 2. As was discussed in 
ref. [6], the most important growth species in the gas phase are SÌH3 below 
approximately 1100 К and SÌH2 above 1100 K. 
2.2. Electronic ground s ta te of Si ( 0 0 1 )-( 1 x 1 ) 
The ground state of the ( never experimentally observed ) broken bond 
Si ( 0 0 1 ) surface most probably will be singlet, in accordance with the 
gaseous compounds in which a silicon atom with two valence electrons is 
present, like SÌH2 and H3SÌSÌH ( see ref. [6] ). It is estimated that 17 
к J m o l - 1 is required to unpair the lone pair on each of the surface atoms. The 
value of 17 kJ m o l - 1 is derived from the electron pairing energy of the species 
H3SÍSÍSÍH3 of-25.1 к J m o l - 1 [7], including corrections for the different bond 
angle on the surface with respect to the bond angle in the latter compound. 
Fig.3. 
Schematical drawing of the 
Si ( 0 0 1 )-( 1x1 ) surface, show­
ing adsorbates with one, two or four 
bonds to the surface. X and Y are 
the substituents attached to the sur­
face atoms which are involved in the 
surface-adsorbate binding ( see 
text ). Surface and bulk atoms are 
indicated by open circles, where 
atoms with larger diameters are 
closer to the surface. The full black 
circle is the adsórbate. 
2.3. Adsorpt ion enthalpies on Si ( 0 0 1 )-( 1 x 1 ) 
When one considers the adsorption process the situation on the broken bond 
surface is very complicated: the arrangement of the dangling bonds on the 
surface is such that not only single- and double-bound adsorbates have to be 
considered, but even adsorbates with four surface bonds may exist ( see fig. 
3 ). Furthermore, if the three-body interaction terms discussed in ref. [6] are 
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applied, it follows that the bond strength of adsorbates on this surface will 
depend on the nature of the adsorbates in neighbouring adsorption sites ( see 
"X" and "Y" in fig. 3 ). For the adsorbates with two bonds the coverage 
of both neighbouring sites is of importance. As the neighbouring sites may 
either be empty, or contain hydrogen, or contain a silicon species, this leads to 
six different situations. Even more different situations arise when adsorbates 
with four surface bonds are considered. In this case for simplicity only the 
situations where all four neighbouring sites have the same coverage will be 
considered ( see fig. 3 ). 
In table 1 the estimated adsorption enthalpies of adsorbates on the broken 
bond Si ( 0 0 1 ) surface are shown. These are derived with the aid of the 
data in ref. [6]. The following conventional notations are used: for species 
with one bond to the surface: μ1, with two bonds: μ 2, and with four bonds: 
μ4. As an exception to this the notation μ 1 is omitted for species which can 
only adsorb with one bond to a specific surface. 
2.4. Adsorpt ion entropies on Si ( 0 0 1 )-( 1 x 1 ) 
The adsorption entropies for Η and single-bound atomic Si on Si ( 0 0 1 )-
( 1x1 ) will not differ much from those on Si ( 1 1 1 ) ( see ref. [6] ). However, 
because of the special geometry of the surface-adsorbate bonds on this sur­
face ( these bonds have angles of approximately 35° with the surface ), most 
probably the other single-bound adsorbates will not be able to rotate around 
their bond with the surface, in contrast to the situation on Si ( 1 1 1 ), 
where the surface-adsorbate bond is perpendicular to the surface. There­
fore on Si ( 0 0 1 ) - ( 1 x 1 ) these species will loose all rotational degrees of 
freedom upon adsorption. Furthermore it may be expected that for silicon-
containing adsorbates the steric hindrance between the neighbouring silicon 
surface atom and the substituents on the silicon atom which is directly in­
volved in the surface-adsorbate bond will most probably lead to lower surface 
bond strengths than the ones presented in table 1. Because of a lack of knowl­
edge of the relevant Van der Waals parameters these steric effects have not 
been included in the calculations. 
The entropy changes for double- and quadruple-bound species are esti­
mated according to the remarks in ref. [6]. For all adsorbates on Si ( 0 0 1 )-
( 1x1 ) the changes in entropy are listed in table 1. 
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Table 1. Enthalpy and entropy changes at 298 К in adsorption on Si ( 0 0 1 )-( 1x1 ). 
Species 
H 
μ^Βί 
μ^ΒΐΗ 
μ1-8ίΗ2 
SiH3 
μ1-8ί2 
μ1-Η38ί3ίΗ 
Si 2 H 6 
μ1-8Ϊ3 
μ2-8ί 
μ2-8ίΗ 
μ2-8ΐΗ2 
μ3-8Ϊ2 
μ2-Η38ί8ίΗ 
μ4-8ί2 
М
4
-8із 
A H2d,298 
χ =
 1 
Υ = Ι 
-301 
-198 
-218 
-166 
-258 
-204 
-183 
-244 
-184 
-402 
-299 
-410 
-413 
-392 
-698 
-532 
empty 
empty 
inkJ 
Χ = 
Υ = 
-425 
-322 
-433 
-436 
-415 
mol" 1 
empty 
Si 
X = 
Y = 
-439 
-336 
-447 
-450 
-429 
empty 
Η 
X = Si 
Y = Si 
-338 
-221 
-241 
-189 
-281 
-226 
-206 
-267 
-207 
-447 
-344 
-455 
-458 
-437 
-788 
-622 
X = 
Y = 
-462 
-359 
-470 
-473 
-442 
Si 
Η 
X = Η 
Y = H 
-352 
-235 
-255 
-203 
-295 
-241 
-220 
-281 
-221 
-476 
-373 
-484 
-487 
-466 
-846 
-680 
A S ^ e 
in 
J K - 1 mol" 1 
-117 
-118 
-149 
-154 
-172 
-179 
-216 
-231 
-253 
-141 
-172 
-179 
-202 
-241 
-214 
-293 
2.5. Equilibrium coverage on Si ( 0 0 1 )-( 1x1 ) 
In order to have an impression of the equilibrium coverage of the Si ( 0 0 1 )-
( 1x1 ) surface, in a preliminary calculation the coverage of the surface was 
investigated with the assumption that the adsorption sites next to the adsor-
bates are unoccupied. To calculate the overall coverage it had to be taken into 
account that because of steric hindrance it will not be possible to cover both 
the dangling bonds which point to each other on two neighbouring surface 
atoms ( see fig. 3 ) with single-bound species. This could be concluded from 
a comparison of the sum of the covalent radius of Si and the Van der Waals 
radius of the smallest adsórbate, H, with the distance between the centers of 
the two surface Si atoms. In other words: if the bridging positions between 
surface silicon atoms are considered as the sites for adsorption ( as has to be 
done for the double- and quadruple-bound adsorbates ), each site can only 
contain one single-bound adsórbate. 
l og« 
0_l I I -I I 1 1 1 L· 
-2 
-6 
Fig.4. -8 
Total equilibrium surface coverage 
of Si ( 0 0 1 )-( 1x1 ) as a function of 
temperature for the gas phase com-
positions in fig. 2. * is the fraction 
of empty adsorption sites.
 12 
800 1000 ' 1200 ' 1400 1600 
Τ / К 
With these assumptions it was calculated that the surface in the equilib­
rium situation of fig. 2 will be almost completely filled with quadruple-bound 
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Si. To obtain a well-based impression of the coverage of Si ( 0 0 1 )-( 1x1 ), 
it has to be taken into account that the enthalpies of adsorption depend on 
the coverage of the sites neighbouring the adsorbates. So the data in table 1 
with X = Y = Si have to be taken. 
The results of these calculations are shown in fig. 4. It can be seen that 
at all temperatures Si ( 0 0 1 ) - ( 1 x 1 ) is almost completely covered with 
growth species. Dominating are the μ*-8Ί2 species. At low temperatures the 
second important adsórbate is μ2-8ίΗ2. On the surface this species competes 
with M2-Si) which is the second important adsórbate at temperatures above 
1250 K. It can be seen in fig. 4 that the single-bound species are unimportant 
on the surface and will not play a significant role in the growth process. 
In conclusion it can be said that if the surface coverage of broken bond 
Si ( 0 0 1 ) in equilibrium with a gas mixture as used in conventional CVD 
is calculated, it is found that the surface is completely covered with fourfold 
bound SÍ2 species. As in a sense adsorbed SÍ2 species may be considered as 
small nuclei of crystalline material on the surface, the foregoing means that 
broken bond Si ( 0 0 1 )-( 1x1 ) is a rough face in terms of crystal growth 
theory. 
The picture of the Si ( 0 0 1 ) face as sketched above obviously is not 
consistent with the experimental observation of layer growth on this face 
during CVD. The fact that Si ( 0 0 1 ) is reconstructed has been suggested 
as an explanation for this behaviour. E.g. it was shown by Giling and van 
Enckevort that because of the involved breaking of dimer bonds on Si ( 0 0 1 )-
( 2 X1 ), an energetic barrier exists to the formation of two-dimensional clusters 
[4]. In the following paragraph we shall support this idea of a nucleation 
barrier on Si ( 0 0 1 ) by calculations of the surface coverage as a function of 
supersaturation. 
3. Structure of the ( 1 1 1 ) and ( 0 0 1 ) faces in relation to silicon 
coverage 
According to a PBC analysis of the Si crystal structure, where the assump-
tion is made that only nearest-neighbour interactions are of importance [8], 
Si ( 1 1 1 ) is expected to be an F-face ( F for "flat" ), while Si ( 0 0 1 )-( 1x1 ) 
should be called an S/K-face [4] ( S for "stepped" and К for "kinked" ). We 
shall now demonstrate that the difference in classification of ( 1 1 1 ) and bro­
ken bond ( l O O ) - ( l x l ) according to PBC theory also shows up when these 
faces are in equilibrium with conventional CVD mixtures, but that the differ-
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enee does no longer exist if it is assumed that ( 0 0 1 ) is dimer reconstructed 
during crystal growth. 
To this purpose the coverage of Si ( 1 1 1 ), Si ( 0 0 1 )-( 1 x 1 ) and 
dimer reconstructed Si ( 0 0 1 ) - ( 2 x 1 ) was calculated as a function of 
supersaturation σ, defined as: 
О — ßSx.hom. — HSi,het- = In PSi.hom. 
PSi,het. 
(1) 
where ßsi,hom. and /is¿,het. a r e ^he chemical potentials and ρ s i,hom. and 
PSi.het. the partial pressures of atomic Si in the so-called "homogeneous" 
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Fig.5. 
Surface coverage at 1400 К as a function of supersaturation σ. On the upper 
side of the figures the corresponding input SÌH4 mole fractions in H2 are 
shown, (a) ( 1 1 1 ) and ( 0 0 1 )-( 2 x 1 ); for the latter surface it is assumed 
that upon adsorption no dimer bonds are broken ( b in fig. 6 ); (b) ( 0 0 1 ) -
( 1x1 ); (c) insertion of adsorbates into dimers on ( 0 0 1 ) - ( 2 x 1 ) ( e i n 
fig. 6 ). * is the fraction of unbroken dimer bonds. 
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and "heterogeneous" equilibrium situations, resp. ( see refs. [3,6] ). The 
results of these calculations are shown in figs. 5a, b and с for atmospheric 
pressure SÌH4-H2 mixtures at a temperature of 1400 K. The calculations were 
performed with the aid of the data and methods discussed in ref. [6]. 
Fig.6. 
Possible ways of adsorption on the 
dimer reconstructed Si ( 0 0 1 )-
( 2x1 ) surface. 
(a) Empty surface with gas phase 
atom to be adsorbed; 
(b) Adsorption of single or double 
bound species without the breaking 
of dimer bonds. Apart from the for-
mation of a single bond some species 
can also simultaneously form bonds 
with two neighbouring silicon sur-
face atoms. This situation is shown 
in the top view; 
(c) Adsorption into a dimer bond, 
with the formation of two bonds to 
the surface. 
SIDE VIEW 
V - N X X X 
xvbv 
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TOP VIEW 
On dimer reconstructed Si ( 0 0 1 )-( 2x1 ) ( see a in fig. 6 ) the con­
figurations which are most likely for the adsorption of Si growth species can 
roughly be divided into two categories: (i) adsorption on the surface atoms 
forming the dimer bond, without the breaking of the σ bond between the sur­
face atoms; (ii) adsorption in between the two atoms which form the dimer 
bond, i.e. with the breaking of the σ bond between the surface atoms. This 
is outlined in fig. 6, where b and с correspond to t and it, respectively ( more 
details about the adsorption on dimer reconstructed Si ( 0 0 1 ) - ( 2 x 1 ) can 
be found in ref. [6] ). As was discussed in ref. [6], adsorption in configuration 
t is almost identical to adsorption on Si ( 1 1 1 ). Therefore the coverages of 
Si ( 0 0 1 ) - ( 2 x 1 ) and Si ( 1 1 1 ) as a function of σ are represented in the 
same figure, viz. fig. 5a. The coverage with species in configuration ii, which 
in ref. [6] was called the " insertion into dimer bonds", is shown in fig. 5c. 
It can be seen in fig. 5a that Si ( 1 1 1 ) and ] Si ( 0 0 1 )-( 2x1 ) at zero 
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supersaturation contain growth species in fractions below 1 0 - 4 . In fig. 5c it 
can be seen that at zero supersaturation also the insertion of Si species into 
the surface dimers on Si ( 0 0 1 )-( 2x 1 ) is almost neglegible, which indicates 
that the dimers will remain intact during CVD at atmospheric pressure and 
low supersaturations ( i.e. the conditions which led to the crystal mentioned 
in fig. 1 ). This is in sharp contrast with Si ( 0 0 1 )-( 1x1 ) on which already 
at σ = 0 the surface is completely covered with growth species ( see fig. 5 b ). 
The effect of an increase in supersaturation on the coverage of the dif­
ferent Si surfaces is that on all faces the coverage of Si containing species 
increases as a function of σ, and consequently the fraction of empty sites de­
creases as a function of σ. This also holds for Si ( 0 0 1 )-( 1x1 ), although 
it hardly can be seen in the figure, because the coverage of /i4-SÌ2 species 
increases from 0.9996 at σ = 0 to coverages still closer to one for σ > 0. In 
fig. 5b it can best be seen by the decrease in the fraction of empty sites and 
consequently also in the fraction of Η-covered sites, with σ. 
The above effect of supersaturation can be interpreted as follows: gen­
erally for growth on a perfectly oriented fiat crystal face a nucleation barrier 
exists. Continuous growth by a so-called " Birth-and-Spread" mechanism can 
only occur for supersaturations higher than some critical supersaturation. As 
the temperature is raised, this critical supersaturation decreases, because of 
the roughening of the crystal face, until at the so-called "roughening tem­
perature" the face becomes rough even at zero supersaturation. In fig. 5b it 
can be seen that for a temperature of 1400 К Si ( 0 0 1 )-( 1x1 ) is indeed 
already rough at zero supersaturation, because the coverage of the surface 
with growth species is close to one. 
On the other hand, from figs. 5a and с it can be seen that at 1400 К and 
zero supersaturation the Si coverage of ( 1 1 1 ) and ( 0 0 1 ) - ( 2 x 1 ) is very low 
at zero supersaturation, and becomes substantial only if the supersaturation 
is raised drastically. So on these two faces a nucleation barrier exists and 
consequently growth on these faces can only proceed via steps. 
We want to mention that the results in fig. 5 indicate that two dimen­
sional nucleation on the dimer reconstructed ( 0 0 1 ) face occurs at a lower 
supersaturation than on the ( 1 1 1 ) face. This can be concluded from a com­
parison of figs. 5a and 5c, which shows that at a specific high supersaturation 
the fraction of dimers on ( 0 0 1 ) in which a μ4-5Ϊ2 species has inserted is 
higher than the fraction of sites on Si ( 1 1 1 ) covered with /i2-species. 
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4. Summary 
In this study the structure of the broken bond Si ( 0 0 1 ) - ( 1 x 1 ) surface 
in equilibrium with atmospheric pressure gas mixtures was investigated. It 
was calculated that the coverage with Si species on this surface is very high, 
irrespective of temperature and supersaturation. This result is consistent with 
the theoretical notion that broken bond Si ( 0 0 1 ) is rough according to a 
nearest-neighbour PBC analysis, but inconsistent with the observed crystal 
growth behaviour. The reason for this is that the PBC theory does not include 
the effect of surface reconstruction. 
The often observed ( 2x1 ) dimer reconstruction provides a barrier for 
nucleation of growth clusters on Si ( 0 0 1 ). This was demonstrated by 
an investigation of the dependence of the coverage of dimer reconstructed 
Si ( 0 0 1 )-( 2x1 ) on supersaturation. Comparison with Si ( 1 1 1 ) shows 
that the effects of supersaturation on the coverage of these two surfaces are 
very similar and that on both surfaces a nucleation barrier exists. Thus crystal 
growth on these two faces will be similar, viz. via steps. 
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Abstract 
Using hemispherical single crystal substrates, we have studied the orientation 
dependence of silicon crystal growth in the Si-H-Cl CVD system as a func­
tion of the gas phase parameters temperature, chlorine-hydrogen ratio and 
supersaturation of the gas phase. 
The morphological importance of the flat faces { 1 1 1 } , { 0 0 1 } , { 1 1 0 } , 
{ 5 5 1 } and { 3 3 1 } is determined by measurement of the facet dimensions on 
hemispheres after growth. It is found that at moderate supersaturations the 
morphological importance of the { 1 1 1 } and { 1 1 0 } faces is independent of 
temperature, while that of the faces { 0 0 1 } , { 5 5 1 } and { 3 3 1 } decreases 
with increasing temperature. No clear effect of the chlorine-hydrogen ratio on 
the stability of the faces is found. From the decrease of these facet dimensions 
as a function of temperature, roughening temperatures could be derived: for 
{ 3 3 1 } a roughening temperature of ( 1400 ± 30 ) К is found, for { 5 5 1 } 
faces ( 1470 ± 50 ) К and for { 0 0 1 } ( 1480 ± 30 ) K. For { 1 1 0 } and 
{ 1 1 1 } the roughening temperatures will probably be much higher than 
1500 K. 
A surprising result is that for growth at high temperatures the effect of 
an increase in supersaturation is, that the { 1 1 1 } and the { 1 1 0 } faces 
almost disappear and become very rough, whereas the { 3 3 1 } and { 5 5 1 } 
faces completely disappear from the growth form. Under these conditions the 
{ 1 1 3 } and { 3 3 7 } faces, which are not stable at low temperatures, are 
still clearly visible as flat faces on the hemispheres, while the { 0 0 1 } faces 
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have become very small. 
The kinetic roughening of the { 1 1 1 } faces is accompanied by a change 
in the orientation of the growth hillocks which are present on these faces: 
instead of being bound by ( dimer reconstructed ) < Ì I 2 > steps, as is 
normally observed, at high temperature and high supersaturation the hillocks 
are terminated by < 1 1 2 > steps. An interpretation of this effect is given 
based on the adsorption probabilities for growth species on the different steps 
as a function of supersaturation. 
It is assumed that the dimer reconstructed step edges also are involved 
in the stabilization of the { h h к }н>к faces. The kinetic roughening of these 
faces is therefore the result of the destabilization of the reconstructed steps 
by the adsorption of growth species. 
The kinetic roughening of the { i l l } faces is explained by an increased 
adsorption of SÌ2 species at higher supersaturation. As these species are not in 
the correct atomic positions for epitaxial growth, growth on the { 1 1 1 } faces 
may become defective at high supersaturation, as is experimentally observed. 
In contrast to the behaviour of the { 1 1 1 } faces, the { 0 0 1 } and { h h к }н<к 
faces can accomodate large concentrations of Sij species, because on these 
surfaces SÌ2 will adsorb into surface dimers. The latter implies that an increase 
in supersaturation has a less drastic effect on the morphological importance 
of these faces. 
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1. Int roduct ion 
In a number of recent papers [1-3] the authors have reported on the orientation 
dependence of the crystal growth of silicon with the Si-H-Cl Chemical Vapour 
Deposition ( CVD ) system. In these studies it was found that during growth 
of silicon on hemispherical substrates only flat faces with crystallographic 
indices { h h к } are found. The reason for this is the very high stability of 
the < 1 1 0 > Periodic Bond Chains ( PBC's, see e.g. ref. [4] ). These PBC's 
are basic entities of the { h h к } faces. 
Furthermore it was found that of these faces the ones with indices h<k 
( h^O ) become less stable at lower temperatures, with all other experimental 
parameters kept constant. Below a certain critical temperature, to be called 
the "chemical roughening" temperature [3], these { h h к }н<к faces are no 
longer flat, but assume the form of macroscopic steps. This chemical rough­
ening temperature was found to be lower when the experiments are performed 
with a lower Cl/H-ratio in the gas phase. This phenomenon was explained 
by the destabilizing influence of adsorption on these faces, in particular the 
competitive chemisorption of H and CI [3]. The latter could be demonstrated 
by an investigation of the effect of adsorption on the surface tension of silicon. 
It was found that in the Wulff-plot the shape of the cusps for the { 1 1 3 } 
faces ( which are part of the family { h h к }h<fc ) changes from inward to 
outward pointing when adsorption becomes more prominent [2,3]. 
In ref. [1] it was found that the stability of the faces { 3 3 1 } and { 5 5 1 } , 
which are part of the family { h h к }н>к, and of { 0 0 1 } decreases with 
increasing temperature. Furthermore the stability of the faces { 1 1 1 } and 
{ 1 1 0 } was found to be more or less independent of temperature. Uptil now 
no clear explanation has been given for the presence of flat { h h к }h>k faces, 
although in ref. [2] several explanations were suggested for the temperature 
behaviour of these faces. The presence of flat { 1 1 1 } and { 0 0 1 } faces 
on the other hand could be demonstrated by the existence of inward-pointing 
cusps in the Wulff-plot of silicon [2]. 
The purpose of this paper is to obtain more information on the stability 
and growth of the faces with indices { 1 1 1 } , { 0 0 1 } and { h h к }h>k 
( i.e. { 1 1 0 } , { 5 5 1 } and { 3 3 1 } ) . Special attention will be paid to the 
roughening of these faces. The kinetic roughening of the above faces will be 
investigated by experiments at high supersaturations. Thermal roughening 
of the different faces will be studied by measurement of the dimensions of 
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the facets on the hemispheres after near-equilibrium growth as a function of 
temperature. The latter will be done for difiFerent chlorine-hydrogen ratios in 
the gas phase. 
2. Experimental 
The experimental procedure was essentially the same as described before [l]. 
In this study we concentrated on the changes in crystal habit as a consequence 
of variations in: 
t. the growth temperature T; this parameter was varied from 1190 К to 
1470 K, which is also approximately the range of temperatures at which 
in our system monocrystalline growth of silicon at atmospheric pressure 
is possible; 
it. the chlorine-hydrogen ratio of the gas phase; in the experiments this 
parameter was varied from 0.005 to 0.12 by a change in the relative 
amounts of mass flow of the input gases SÌH2CI2, HCl and H2. 
m. the supersaturation σ of the gas phase. From a fundamental point of 
view the best way to describe the deviation from equilibrium in the Si-
H-Cl-system would be to make use of the following definition of the su-
persaturation σ [5,6]: 
_ ι J Ρ Si,input I 
\ PSi.eq. J 
σ =
 m^ = M^rî™^ W 
where Δμ = Ms¿(g),mput - Psi(g),eq. i3 the chemical potential dif-
ference between one mole of silicon in the input gas mixture and one 
mole of silicon in the equilibrium situation, psi,inp\it and ps»,e«. are the 
partial pressures of silicon for the input and the equilibrium mixture re-
spectively, Teq. is the absolute temperature at equilibrium, and R the gas 
constant. For the near-equilibrium CVD system used in this study [1,7] 
the parameters рзі,іпрмі and ps»,efl. can be obtained from thermodynamic 
equilibrium calculations. This was described in detail in ref. [1]. 
In the experiments supersaturations below 0.1 were used, except for ex­
periments in which the combination of experimental parameters σ, Τ and 
Cl/H-ratio is such, that after two hours growth the development of fea­
tures on the hemispheres is not enough to draw profound conclusions. 
This is the case in e.g. the experiments at a Cl/H-ratio of 0.005. In 
those experiments higher supersaturations were used. Furthermore sev-
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eral experiments were done at higher supersaturations to study the effect 
of supersaturation on the growth form of silicon. 
In the experiments the total mass now of the gases was always 400 seem, 
leading to a gas velocity of approximately 15 cm s - 1 at the growth tempera­
ture. The duration of all growth experiments was 2 hours. The radius of the 
hemispheres was ( 3.00 ± 0.05 ) mm. The preparation of the hemispheres 
was described in ref. [1]. 
In order to investigate the morphological importance of flat faces as a 
function of experimental parameters, the dimensions of the facets on the 
hemispheres were measured by the use of an optical microscope equipped 
with an ocular with calibrated length scale. Identification of the crystallo-
graphic indices of the facets was achieved by angle measurement with the aid 
of a goniometer. 
Fig.l. Stereographic projections of hemispheres grown at near-equilibrium 
conditions for a Cl/H-ratio of 0.06, a pressure of 1 atm and two different 
temperatures: (a) Τ = 1310 ± 10 K, (b) Τ = 1365 ± 10 K. 
3. Results 
3.1. Growth at near-equilibrium conditions 
In fig. 1 we show drawings in stereographic projection of hemispheres after 
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growth at near-equilibrium conditions and two different temperatures, viz. 
1310 К ( fig. l a ) and 1365 К ( fig. lb ). As was discussed in refe. [1,3], 
the most remarkable changes that take place as a function of temperature in 
these near-equilibrium experiments are that when the temperature is raised 
the { 3 3 1 } , { 5 5 1 } and { 0 0 1 } faces become less stable while the 
{ h h к }k<k faces, i.e. { 1 1 3 }, { 3 3 7 } and { 7 7 13 }, which are not 
present at lower temperatures, become important at higher temperatures. 
Fig. 2 shows representative photographs of all the facets on the hemi­
spheres which will be discussed in this section. Fig. 2a shows the { h h к }h>k 
faces. These are, from left to right: ( 3 3 1 ) , ( 5 5 1 ) , ( 1 1 0 ) , ( 5 5 1 ) and 
( 3 3 Ï ). In this figure the facets touch one another, but this is not the case 
on all hemispheres grown. Fig. 2b shows a ( 1 1 1 ) facet, as is clear from the 
threefold symmetry. Figs. 2c and d show the two forms in which the { 0 0 1 } 
facets appear: square and round. 
For a quantitative analysis we now introduce the parameter Xhhk, which 
will be used to describe the dimension of the { h h к } facets on the hemi­
spheres. For the ( 1 1 0 ) face the definition of this parameter is indicated in 
fig. 2a. Хцо is measured parallel to the [ 1 I 0 ] direction. The measurement 
of Xhhk for the { 3 3 1 } and { 5 5 1 } facets is done in an analogous manner, 
i.e. always parallel to the [ 1 Ï 0 ] direction. As the width Xhhk for the 
{ 3 3 1 } , { 5 5 1 } and { 1 1 0 } facets can be measured unambiguously in all 
experiments, we shall use this parameter as a measure of the morphological 
importance of the different faces. This will be elaborated in the following 
section. It has to be noted that the facet widths perpendicular to the [ 1 I 0 ] 
direction cannot be used for this purpose, because in some experiments the 
{ 3 3 1 } , { 5 5 1 } and { 1 1 0 } facets touch one another, as can be seen in 
fig. 2a. 
As indicated in fig. 2b, the facet width Xm is taken as the diameter of 
the smallest circle which can be drawn to enclose the ( 1 1 1 ) facet. This is 
done so, because the facet is limited by the presence of straight steps parallel 
to the < 1 1 0 > directions and normal to the < ï ï 2 > directions; it is 
assumed that the dimension of the facet would be larger if these steps were 
absent. 
In figs. 2c and d the two forms are shown, in which the { 0 0 1 } facets 
appear: square ( fig. 2c ) and round ( fig. 2d ). The reason for the square 
form is that the facet is linked up with small straight steps parallel to the 
< 1 1 0 > directions, the shape would be circular if these steps were absent. 
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Tabic 1 Mean facet widths and mean layer thicknesses as a function of experimental conditions 
(Ci/ffJ-ratio Τ / Κ σ I % Хцо / /im Хьы / μιη X3îl / μτα Хщ / /im ΛΌοι / ^m" d / μτη 
0.005 ± 0.0005 1191 ± 10 
0.005 ± 0.0005 1252 ± 10 
0.005 ± 0.0005 1291 ± 10 
0.005 ± 0.0005 1297 ± 10 
0.01 ± 0.006 1227 ± 10 
0.01 ± 0.006 1297 ± 10 
0.01 ± 0.006 1327 ± 10 
0.01 ± 0.006 1327 ± 10 
0.01 ± 0.006 1333 ± 10 
0.02 ± 0.006 1288 ± 10 
0.02 ± 0.006 1327 ± 10 
0.02 ± 0.006 1423 ± 10 
0.02 ± 0.006 1468 ± 10 
0.054 ± 0.006 1365 ± 10 
0.06 ± 0.006 1266 ± 10 
0.06 ± 0.006 1299 ± 10 
0.06 ± 0.006 1304 ± 10 
0.06 ± 0.006 1308 ± 10 
0.06 ± 0.006 1310 ± 10 
0.06 ± 0.006 1335 ± 10 
0.06 ± 0.006 1396 ± 10 
0.06 ± 0.006 1396 ± 10 
0.06 ± 0.006 1422 ± 10 
0.10 ± 0.01 1318 ± 10 
0.12 ± 0.01 1362 ± 10 
0.12 ± 0.01 1372 ± 10 
" the shape of the { 0 0 1 } facets is indicated between brackets: s for square and г for round ( see text ). 
60 ±20 
40 ± 10 
27 ± 8 
9 ± 2 
280 ± 80 
12 ± 3 
5 ± 1 
5 ± 1 
7 ± 2 
14 ± 4 
6 ± 1 
2.9 ± 0.8 
1.3 ± 0.4 
2.5 ± 0.7 
6 ± 1 
60 ±20 
1.6 ± 0.4 
4 ± 1 
9 ± 2 
6 ± 1 
4 ± 1 
1.8 ±0.5 
1.3 ± 0.4 
6± 1 
2.3 ± 0.6 
1.7 ± 0.5 
440 ± 40 
230 ± 50 
340 ± 50 
280 ± 20 
640 ±105 
520 ± 70 
300 ± 40 
200 :n 40 
700 ±30 
620 ± 85 
500 ± 20 
740 ± 40 
490 ± 30 
430 ± 60 
880 ± 30 
990 ± 60 
660 ± 30 
690 ± 30 
900 ± 30 
890 ± 20 
610 ± 80 
570 ± 10 
230 ± 60 
1050 ± 60 
460 ± 50 
170 ± 40 
380 ± 10 
220 ± 30 
290 ± 20 
270 ± 30 
560 ± 80 
470 ±60 
290 ± 40 
220 ± 20 
520 ± 30 
570 ± 70 
420 ± 20 
420 ± 50 
0 
300 ± 40 
760 ± 40 
810 ± 50 
530 ± 40 
630 ± 30 
800 ±20 
740 ± 30 
370 ± 80 
480 ± 40 
130 ± 20 
850 ±60 
400 ± 30 
160 ± 70 
360 ± 10 
200 ± 10 
260 ± 20 
240 ± 30 
500 ± 70 
320 ± 30 
150 ± 30 
120 ± 10 
410 ± 40 
500 ±60 
280 ± 20 
0 
0 
0 
650 ± 30 
770 ±60 
490 ± 40 
490 ± 30 
740 ± 50 
690 ± 30 
0 
130 ± 70 
0 
740 ± 30 
290 ± 20 
20 ± 20 
440 ± 60 
220 ± 60 
340 ± 140 
240 ± 40 
580 ± 220 
540 ± 20 
340 ± 40 
200 ± 120 
580 ± 180 
580 ± 260 
480 ± 60 
840 ± 420 
500 ± 260 
540 ± 180 
960 ± 80 
940 ± 120 
620 ± 100 
1020 ± 100 
900 ± 120 
920 ± 360 
620 ± 40 
580 ± 80 
240 ± 100 
840 ± 120 
440 ± 140 
220 ± 20 
330 ± 50 (a) 
170 ± 20 (r) 
250 ± 30 (r) 
180 ± 40 (r) 
290 ± 100 (s) 
320 ± 20 (r) 
150 ± 20 (r) 
120 ± 20 (r) 
310 ± 20 (r) 
270 ± 30 (s) 
250 ± 10 (s) 
120 ± 20 (r) 
70 ± 10 (r) 
160 ± 10 (r) 
580 ± 20 (s) 
770 ± 30 (s) 
300 ± 30 (a) 
440 ± 40 (s) 
950 ± 40 (s) 
710 ± 50 (s) 
190 ± 30 (r) 
220 ± 10 (r) 
70 ± 10 (r) 
710 ± 40 (s) 
220 ± 10 (r) 
150 ± 40 (r) 
3.3 ± 0.8 
5.6 ± 0.8 
12.1 ± 0.8 
13.1 ± 0.8 
2.9 ± 0.8 
14.8 ± 0.8 
15.3 ± 0.8 
11.7 ± 0.8 
13.4 ± 0.8 
9.9 ± 0.8 
33.5 ± 0.8 
55.2 ± 0.8 
21.2 ± 0.8 
36.8 ± 0.8 
14.1 ± 0.8 
32.2 ± 0.8 
20.6 ± 0.8 
3.7 ± 0.8 
Fig.2. Photographs of the facets on 
hemispheres grown at near-equilibrium 
conditions, (a) The { h h к }h>k facets. 
For the ( 1 1 0 ) facet the definition of 
Хцо is indicated; (b) ( 1 1 1 ) facet with 
definition οι Xm] (c) Square ( 0 0 1 ) 
facet with definition of Xooi ; (d) Round 
( 0 0 1 ) facet with definition of XQOI • 
As the steps limit the dimension of the { 0 0 1 } facets, for the case of the 
square facets a lower limit of the facet width Xooi is given by the diagonal of 
the square. For the circularly shaped facets it is of course irrelevant in which 
direction Xooi is measured. 
In table 1 the measured facet widths Xhhk are listed as a function of 
the experimental conditions. Although in some of these experiments the su­
persaturation was relatively high ( especially in some experiments at low 
chlorine-hydrogen ratios ), in none of the experiments mentioned in table 1 
the kinetic roughening effects to be discussed in the next section occurred. 
The last column of table 1 gives the mean thickness d of the epitaxial layer 
on the hemispheres, as calculated from the measured weight increase of the 
hemisphere during growth. This parameter will be used in the interpretation 
of the facet widths ( see below ). 
3.2. G r o w t h at high superaaturat ions 
In this section we shall describe the outcome of high supersaturation experi­
ments at atmospheric pressure for a Cl/H-ratio in the gas phase of 0.06, for 
two small ranges of temperatures, viz. 1300-1335 К ( these experiments will be 
called "low temperature experiments" ) and 1365-1410 К ( these experiments 
will be called "high temperature experiments" ). The results to be presented 
in this paragraph have to be compared with the near-equilibrium results in 
figs, la and b and figs. 2a to d. 
o. Low temperature experiments 
Fig. 3 shows microscope photographs of several parts of a hemisphere after 
growth at low temperature ( Τ = 1299 ± 10 К ) and high supersaturation 
( σ — 0.6 ± 0.2 ). It is clear from these photographs that, although all the 
facets of fig. l a and figs. 2a to d are still clearly observable, their appearance 
is dominated by macroscopic steps, i.e. they have become rougher. Also the 
density of defects on the flat faces apparently increases at higher σ: so-called 
"tripyramids" can be seen on the { 1 1 1 } facets, as indicated by arrows in 
fig. 3a ( see e.g. refs. [8-9] ). As can be seen in fig. 3b ( see arrow ), these 
defects also appear on the macrostep terraces. These terraces most probably 
have the { 1 1 1 } orientation. 
Furthermore many stacking faults ( see e.g. ref. [10-11] ) are visible on 
all facets: see e.g. the { 0 0 1 } facet in fig. 3c ( some of the stacking faults 
are indicated by arrows ), the { 1 1 0 } facet in fig. 3d and the { 5 5 1 } facet 
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in ñg. 3e. The stacking faults can clearly be seen in this latter photograph, 
which is a microscope photograph at a two times higher magnification than 
the other ones in fig. 3. 
Fig.3. Photographs of parts of the hemispheres grown at 1299 ± 10 К and 
a supersaturation of 0.6 ± 0.2 ( see the text for a detailed description ); (a) 
( 1 1 1 ) face; (b) macroscopic steps on the { h h к }h<fc-part of the hemisphere; 
(c) ( 0 0 1 ) face; (d) ( 1 1 0 ) face; (e) ( 5 5 1 ) face. 
It is observed that, apart from the macroscopic growth steps, the crystal 
growth anisotropy is not affected by the increase in supersaturation from 0.04 
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( fig. la ) to 0.6 ( fig. 3 ). Very generally it is expected that at a particular 
value of σ flat faces kinetically roughen ( see e.g. ref. [12] ) and disappear 
from the growth form, but in the above mentioned low temperature range 
this is not observed for all the faces in fig. l a for supersaturations of up 
to 0.6. Experiments at still higher supersaturations are not possible in our 
experimental system, because for σ > 0.6 deposition of silicon takes place 
on the quartz parts of the reactor, which process reduces σ in an undefined 
manner. 
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b. High temperature experiments 
Because of the deposition of silicon on quartz parts of the reactor, in the high 
temperature experiments the supersaturation cannot be made higher than 
0.4. However, in contrast to the situation at low temperatures, where even at 
the very high supersaturation of 0.6 no change in crystal growth anisotropy 
is observed, at the higher temperatures the anisotropy is already markedly 
different at moderately high supersaturations of 0.08-0.10. As an illustration 
of this, fig. 4 shows microscope photographs of several parts of the hemispheres 
after growth at the conditions Τ = ( 1402 ± 10 ) Κ, σ = 0.08 ± 0.02 and Τ 
= ( 1407 ± 10 ) Κ, σ = 0.10 ± 0.02. The chlorine-hydrogen ratio in these 
atmospheric pressure experiments was 0.06. 
Fig.5. 
Schematical drawings of directions of 
slowest step movement for growth hillocks 
on ( 1 1 1 ); (a) normally observed hillock 
shape ( see also fig. 2b and ref. [1] ); 
(b) hillock shape after growth at high tem­
perature and high supersaturation ( see 
also fig. 4a ). 
It appears that the { 3 3 1 } and { 5 5 1 } facets have disappeared 
completely. Very unexpectedly also the { 1 1 1 } ( see fig. 4a ) and the { 1 1 0 } 
facets ( see fig. 4d ) have almost disappeared. They are barely distinguishable, 
they have become very rough and contain many growth hillocks. The { 0 0 1 } 
facets are only sporadically present, and if they are present, they are only very 
small ( see fig. 4c ). 
In sharp contrast to the behaviour of the before mentioned faces, the 
{ 1 1 3 } facet remains relatively flat, apart from several shallow step bunches, 
while the { 3 3 7 } facet is covered with macrosteps ( see fig. 4b ). This 
observation is the more remarkable, because these faces were not stable at the 
lower temperatures, although it is consistent with their predicted appearance 
at high temperature for near-equilibrium conditions ( see refs. [2,3] ). 
A surprising observation for growth at high Τ and high σ is not only that 
the { 1 1 1 } faces, which according to Ρ ВС theory should be very stable 
F-faces, have practically disappeared and have become relatively rough, but 
also that the growth hillocks, which are present on the { 1 1 1 } facets, 
1 1 2 ! 
1 J 1 I 2 ϊ Ϊ 
l[ï i: 
•л/^ 
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have changed their shapes, as is outlined in fig. 5. It can be deduced from a 
comparison of figs. 2a and 3a that the triangles on { 1 1 1 } have rotated 60° 
with respect to the macrosteps, which are clearly visible in fig. 3a and in the 
lower left corner of fig. 4a. At low σ it is observed that the growth hillocks 
are terminated by straight steps parallel to one of the < 1 1 0 > directions 
and moving in the < Ι Ϊ 2 > directions ( see figs. 2a and 3a ). At high σ the 
< ϊ Ϊ 2 > directions have become the directions of fastest growth and the 
growth hillocks become bound by steps moving in the < 1 1 2 > directions 
( see fig. 4a ). 
4. E laborat ion of the exper iments a t low supersaturat ions 
4 . 1 . P r i n c i p l e s of t h e measurement of facet w i d t h s 
On a stable flat face the energy required in the formation of a step, 7átep, is 
larger than zero. This means that a barrier exists which prevents the develop· 
ment of height differences on the face, i.e. a nucleation barrier. Growth nor-
mal to this face can only occur if dislocations are present, which serve as con-
tinuous sources of growth steps, or if the supersaturation of the medium sur-
rounding the crystal is so high that continuous formation of two-dimensional 
growth clusters with a size larger than the critical nucleus is possible on the 
face ( see e.g. ref. [13] ). Although undoubtedly they will be present, we shall 
for the time being ignore the presence of dislocations. Then it can be said 
that unless the supersaturation is very high, the normal growth rate on flat 
faces is neglegibly low. 
f· X m . x 1 
Fig.6. 
Schematica! drawing of a facet on a hemi-
sphere with the indication of the param-
eters mentioned in the text. 
I II 
Reversing the argumentation, it can be said that if at low supersaturation 
a flat face does grow in the normal direction, obviously the step free energy 
on the face is not very high. So the normal growth rate on a flat face can give 
information on the step free energy ( related to the stability ) of the face. 
One way to obtain this information from our experiments is to measure 
the growth rates on the faces directly from a cross-section of the hemispheres 
( see e.g. ref. [14] ). However, it was found that because of mechanical diffi-
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culties this method could not be applied to our small hemispherical samples. 
It will be shown below that valuable information can also be obtained from 
the measurement of the widths of the facets on the hemispheres. 
Fig. 6 shows a schematical drawing of a facet on a hemisphere with radius 
Ro; d
e
 is the layer thickness on the edge of the facet and X
m
ax the maximum 
possible width of the facet. Van den Brekel has given a method to calculate 
this maximum, with the assumption that on a flat face nucleation and growth 
can be excluded [15]: 
= \/8 До de (2) 
Van den Brekel assumed a constant layer thickness over the whole curved 
surface of the hemisphere and interpreted all discrepancies between measured 
facet widths and the calculated maximum facet width in terms of non-zero 
growth rates normal to the facets. 
1.6 
Х ц о / Х п 
Fig.7. 1.8 
The ratio Хцо : X
m
ax as a func­
tion of growth temperature for dif­
ferent chlorine-hydrogen ratios and 1-4. 
near-equilibrium conditions.
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So it can be said that if the layer thickness on the curved part of the hemi­
sphere is known, a comparison between measured facet widths Xhhk and the 
calculated X
ma
x gives information on the growth on the facets. This means 
that with the ignoration of the contribution of dislocations to the growth, in 
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this way information is obtained on the probability of two-dimensional nucle-
ation on the facet. According to the above argumentation, in this way also 
knowledge is gained of the magnitude of 7«tep on the different facets. 
In the next paragraphs we shall apply the above argumentation to derive 
the morphological importance of the flat faces { 1 1 1 } , { 0 0 1 } , { 3 3 1 } , 
{ 5 5 1 } and { 1 1 0 } as a function of the temperature and chlorine-hydrogen 
ratio in the gas phase from the measured facet widths listed in table 1. 
4.2. Eva luat ion of t h e { 1 1 0 } facet w i d t h s 
If it is assumed that d
e
 in equation (2) is equal to d in the last column of 
table 1, it is possible to calculate X
m
ax for the experiments in which d was 
measured. Fig. 7 shows a plot of the ratio of Хцо to Xmax a s & function of 
temperature. It can be seen in fig. 7 that the ratios Хцо'Хтах a r e relatively 
close to one, independent of Τ or Cl/H-ratio. Obviously two-dimensional 
nucleation on the { 1 1 0 } facets is not very important at all the investigated 
experimental conditions, because otherwise Хцо would be smaller than X
m
ax-
Therefore we conclude that at all experimental conditions these faces are 
stable flat faces with a relatively high step free energy. 
Χι,ο / μπ» 
Fig.8. 1 0 0 0 ] 
Width of the { 1 1 0 } facets, X110t as a 9 0 0 • - ^ 
function of the square root of the mean e o 0 3 ,' 
layer thickness d. The inset shows the 7 0 0 
mean layer thickness d as a function of 6 0 0 : t 
supersaturation σ. Both plots are for 5 
growth with a chlorine-hydrogen ratio in 4 201 -h>4-
0 2 4 6 θ 
•s/d I /im 
the gas phase of 0.06 ± 0.006 and differ- 3 0 0 
ent growth temperatures ( see also table 
1 ). 
o - — τ— — ^ 
0 0 1 0 2 0 3 0 4 0 5 0 6 0 7 0 
As it can be concluded that in all experiments X\\o is practically equal to 
Xmax, it follows that the different numbers for Х ц о , as shown in table 1, can 
only arise because of differences in the mean layer thicknesses d. According 
to equation (2) a plot of -Хцо as a function of \fd should result in a straight 
line. That this is indeed the case in our experiments is illustrated in fig. 8. 
The inset of fig. 8 shows the relation between the mean layer thickness 
d after growth at a Cl/H-ratio of 0.06 as a function of supersaturation σ 
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( besides the data in table 1 also data from three experiments not mentioned 
in the table are used ). It can be seen that the dependence is linear. As 
the mean thickness d is almost completely determined by epitaxial growth on 
the curved surface of the hemispheres, it is expected that ( for not too high 
σ ) , d will be linearly dependent on σ, because growth on rough surfaces is 
determined by the Wilson-Frenkel law ( see e.g. [16] ). 
4.3. Eva luat ion of t h e w i d t h s of the facets o ther t h a n { 1 1 0 } 
In order to evaluate the widths Xhhk oí the other facets it would accord-
ing to above argumentation be useful to calculate the ratios Xhhk · Xmax· 
Significant deviations of these ratios from 1 would give an indication of the 
nucleation on the facets { h h к }. Unfortunately not for all experiments 
in table 1 d was measured and therefore X
m
ax cannot be calculated for all 
the experiments. In order to be able to use the complete list of facet widths 
in table 1, we shall generalize the conclusion from fig. 7 and assume that 
for all near-equilibrium experiments Хцо is equal to X
m
ax· Thus instead of 
Xhhk I Xmax it is possible to use the parameter Zhhk, defined as: 
ZhHk = ^ (3) 
Figs. 9a, b, с and d show Z331, Z^bi, ^111 and ZQQI , respectively, as a function 
of temperature and for different Cl/H-ratios. 
a. The { h h к }ь>к facets 
In figs. 9а and b it can be seen that the Z-values of the { 3 3 1 } and { 5 5 1 } 
faces decrease with increasing temperature. According to the argumentation 
given before, this can be interpreted as an increasing nucleation probability 
and thus with a decreasing 7,tep on these faces with increasing temperature. 
Fig.9. ( next page ) 
Ratios Zhhk = Xhhk I Х\\й as a function of growth temperature for different 
chlorine-hydrogen ratios and near-equilibrium conditions; 
(a) { 3 3 1 }; (b) { 5 5 1 }; (c) { 1 1 1 }; (d) { 0 0 1 }. 
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In this context it is possible to derive "roughening temperatures", Тд, 
from figs. 9a and b, which in this case are defined as the temperatures at 
which the parameters Z331 and Z^bi become zero. For the { 3 3 1 } faces we 
find Тд = ( 1400 ± 30 ) К and for the { 5 5 1 } faces Тд = ( 1470 ± 50 ) К. 
For the { 1 1 0 } faces discussed before ( see fig. 6 ) Тд probably will be much 
higher than 1500 K. 
In figs. 9a and b it can further be seen that the parameters Z331 and 
^551 only depend on temperature. No clear dependence on the Cl/H-ratio 
is observed. So it seems that the Cl/H-ratio has little or no effect on the 
stabilities of the { h h к }h>k faces { 3 3 1 } and { 5 5 1 } . 
b. The { 1 1 1 } faceta 
As can be seen in fig. 9c, for the near-equilibrium growth experiments the 
parameter Zm does not depend on the Cl/H-ratio or on temperature. This 
implies that the behaviour of the { 1 1 1 } faces is very similar to that of the 
{ 1 1 0 } faces. So the same conclusions as for the { 1 1 0 } faces also apply 
to the { 1 1 1 } faces: these faces are stable flat faces at all the experimental 
conditions in table 1, where σ is small. 
с The {0 0 1} facets 
As can be seen in fig. 9c?, the parameter ZQOI decreases slowly with increasing 
temperature. The effect of the Cl/H-ratio on this behaviour seems to be 
small. From an extrapolation of the data in the figure to ZQOI equal to zero 
we obtain Тд = ( 1480 ± 30 ) K. 
We want to remark that for the points in fig. 9d marked with a square 
( to indicate the square shape of the { 0 0 1 } facets in these experiments ) 
ZQOI might be higher than indicated in the figure, because the facet width 
in these cases is limited by the presence of macroscopic steps linked up with 
the facet ( see fig. 2c ). Thus it might be that at temperatures below 1200 К 
^ооі becomes close to one, which implies that at these relatively low growth 
temperatures no nucleation takes place at the { 0 0 1 } faces and that these 
faces are just as stable as the { 1 1 1 } and the { 1 1 0 } faces. 
5. D i s c u s s i o n 
Very generally in crystal growth three kinds of roughening processes can be 
distinguished, viz. 
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Table 2 
Summary of experimental results 
{ 1 1 1 } * 
{ 1 1 0 } 
{ 0 0 1 } 
{331} tí 
{ 5 5 1 } 
{ 1 13 } & 
{ 3 3 7 } 
near-equilibrium 
low temperature 
flat faces 
flat faces 
flat faces 
macrosteps 
( chemical roughening ) 
high temperature 
flat faces 
stability I 
( thermal roughening ) 
stability 1 
( thermal roughening ) 
flat faces 
high supersaturation 
low temperature 
flat faces 
flat faces 
flat faces 
macrosteps 
( chemical roughening ) 
high temperature 
( kinetic roughening ) 
stability | 
( thermal and kinetic roughening ) 
not present 
( thermal and kinetic roughening ) 
flat faces 
co 
(a) "thermal roughening", which implies that a flat face becomes atomically 
rough above a certain temperature, to be called the roughening temper­
ature Тд. 
(b) "kinetic roughening", which means that a flat face becomes rough above 
a certain critical supersaturation. 
(c) "chemical roughening" ; this term was introduced in ref. [3] to describe the 
case where a flat face becomes rough due to the adsorption of impurities 
above a certain critical surface coverage. 
As was discussed in ref. [3], the transition from macrosteps to flat { h h к }н<к 
faces, as shown in figs, la, 3b and figs, lb, 4b, respectively, can be considered 
as an example of chemical roughening caused by the presence of a dense 
adsorption layer of CI and H. 
In this study we have also encountered examples of the other two rough­
ening phenomena, e.g. the thermal roughening of the { 3 3 1 } faces ( see 
section 4.3 ) and the kinetic roughening of the { 1 1 1 } and { 1 1 0 } faces 
( see section 3.1 ). In table 2 we have summarized the experimental results 
obtained in this study and in refs. [1,3]. In this table we have also indicated 
which of the above mentioned roughening processes is responsible for the ob­
served dependence of the different faces on the experimental conditions. 
In this section we shall discuss the above roughening phenomena in terms 
of atomic processes on the different crystal surfaces. To this purpose we shall 
start with a discussion of the atomic structure of the silicon faces studied in 
this paper. 
5.1. Atomic s t ructure of silicon surfaces 
Fig. 10 shows schematical side views of the { h h к }h>k, the ( 1 1 1 ) and the 
( i l l ) faces in a broken bond picture. According to a nearest-neighbour PBC 
analysis for the diamond crystal lattice ( see ref. [4] ) all the { h h к }h>fc 
faces are S(tepped) faces, composed of ( 1 1 1 ) and ( 1 1 1 ) parts and 
therefore these faces are not expected to appear as flat faces after growth 
on a hemisphere. Although our experiments are the first to demonstrate the 
stability of { 3 3 1 } and { 5 5 1 } faces during growth from the gas phase ( see 
also ref. [l] ), the { 1 1 0 } faces have been reported many times as growth 
faces on silicon ( see e.g. refs. [15,17-19] ). The observation of these faces 
is not consistent with the PBC analysis, which is based on bulk properties. 
It indicates that most probably the atomic structure of these faces is not 
bulk-like. 
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Recent surface studies have shown that the most stable configuration of 
clean and H-covered ( 1 1 0 ) consists of a "2x16" reconstruction [20,21]. 
Ampo et al. suggest a "step structure model" for this reconstruction, where 
the step structures consist of periodic up and down sequences of terraces with 
edges parallel to < ï Ï 2 > directions and step heights of approximately 
the bulk ( 1 1 0 ) layer spacing. So most remarkably it is argued tha t a 
( 1 1 0 ) surface which contains steps is more stable than a flat broken bond 
surface. Similar results have been reported many times for the ( 1 1 1 ) face, 
which according to a nearest-neighbour PBC analysis is the only F (lat) face of 
silicon: in the most probable model for the stable Si ( 1 1 1 )-( 7 x 7 ) surface, 
the "dimer-adatom-stacking fault" ( DAS ) model [22,23], this surface also 
consists of monoatomic steps and even single adatoms. 
Fig.10. 
Projections along the [ 1 ï 0 ] di-
rection of ( 1 1 1 ), ( 1 1 ï ) and 
the { h h к }н.>к faces in a broken 
bond view; closed circles are surface 
atoms, open circles are bulk atoms. 
( i n 
( 3 3 1 
( 5 5 1 
( 1 1 0 
( i l l 
*f\SXf%<f%* 
It can hardly be expected that structures like ( 7 x 7 ) on Si ( 1 1 1 ) , 
which was observed under ultra high vacuum conditions, where it is stable 
up to 1100 К [24-25], will also be present under atmospheric pressure CVD 
conditions. Nevertheless the physical and chemical principles which underly 
the stability of such stepped structures should be applicable to the CVD case. 
As was pointed out by Pandey [26], the minimization of the number of broken 
( "dangling" ) bonds on the surface and a π-like bonding between the broken 
bonds are the keys to the understanding of the structures of silicon surfaces. 
Thus, although the number of dangling bonds increases upon the creation of 
a terrace on a surface, the nett result after the formation of π-like bonds on 
the edges of the terraces may still be a reduction of the dangling bond density 
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and thus a reduction of the surface tension. 
As an example of these principles we show in fig. 11 schematical drawings 
of a ( 1 1 0 ) surface with a four-atom terrace. Fig. 11a shows the broken 
bond situation, while fig. l i b shows the situation after dimerization of the 
edge atoms with underlying surface atoms. Although in fig. 11a two extra 
dangling bonds are created, the nett result after the dimerization in fig. l i b 
is that the total number of dangling bonds on the surface has decreased by 
two. Pandey has used similar arguments to show that the ( 1 1 1 ) surface 
can lower its dangling bond density by the formation of islands terminated by 
dimer reconstructed steps [26]. Such steps are also basic entities in the DAS 
Fig.ll . Four-atom terraces on ( 1 Ï 0 ): (a) terraces in broken bond view; (b) 
terraces with dimerized step edges parallel to the [ 1 1 2 ] direction. Closed 
circles: cluster atoms; large open circles: surface atoms; small open circles: 
sub-surface atoms. 
Naturally the formation of a five-ring of silicon atoms as depicted in 
fig. l i b will result in some bond-length and/or bond-angle strain. This implies 
that probably an optimum terrace size will exist, for which the energetically 
unfavourable strains and the favourable decrease in dangling bond density 
balance. According to the surface study of Ampo et al. under UHV conditions 
this optimum terrace size is 8 ± 1 [21], it might however be different for 
surfaces in the presence of high partial pressures of silicon, as is the case in 
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silicon CVD. 
The conclusion we want to draw from the above is that the equilibrium 
structures of the { 1 1 0 } and the { 1 1 1 } surfaces are not bulk like, but 
may contain many small islands with a probable height of one atomic layer 
and dimer reconstructed step edges, which stabilize these surfaces. 
Considering that dependent on the specific sites for adsorption any mod­
ification of the F (lat), S(tepped) or К (inked) character of faces is possible 
( see refs. [27,28] ), we argued in ref. [2] that, as a result of the adsorption of 
a bivalent adsórbate which can form bridging bonds between adjacent PBC's, 
the { h h к }h>k faces may become F- instead of S-faces. At that time we did 
not speculate on the identity of the bivalent adsórbate. But the formation of 
terraces as described in fig. l i b for { 1 1 0 } can be considered as a kind of 
bridging between PBC's ( see fig. 10 ). Therefore we think that in terms of 
PBC theory these terraces with dimer bonds on their edges are the linking 
units which built up a two-dimensional connected net on the { 1 1 0 } faces, 
which implies that the terraces transform the { 1 1 0 } faces from S-faces into 
F-faces. 
As the { 3 3 1 } and { 5 5 1 } faces actually can be considered as stepped 
faces with { 1 1 0 } terraces and { 1 1 1 } step risers ( see fig. 10 ), the above 
proposed stabilization by monatomic clusters will also occur on these faces. 
In this respect it is worth mentioning that in ref. [2] we have used the 
idea of a surface stabilization by the formation of dimers to explain the high 
stability of the { 1 1 3 } faces at the higher temperatures. The proposed 
atomic model is shown in fig. 12. It can be seen that in this model the face 
contains dimer bonds ( indicated by broken lines ) perpendicular to the [ 1 I 0 ] 
PBC's, i.e. dimer bonds which are situated in the plane of the ( 1 1 3 ) face. 
A similar dimer reconstruction may occur on all other { h h к }н<к faces. 
5.2. G r o w t h a t near-equilibrium conditions: t h e r m a l roughening 
5.2.1. The { h h к } h > k faces 
Above it was mentioned that in a broken bond view the { 3 3 1 } and { 5 5 1 } 
can be considered as stepped faces with { 1 1 0 } terraces and { 1 1 1 } risers. 
It can be seen in fig. 10 that the width of the { 1 1 0 } terraces is higher 
on the { 5 5 1 } faces than on the { 3 3 1 } faces, while it is infinite on 
{ 1 1 0 } . If the before mentioned cluster bridging is the essential mechanism 
in the stabilization of the { 1 1 0 } faces, it is thus not surprising that the 
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order in which the "roughening temperatures" of the { h h к }h>k faces ( see 
section 4.2 ) increases, is: 
i.e. if the { 1 1 0 } character in the equilibrium configuration of a { h h к }h>k 
face is higher, the face will roughen at a higher temperature. 
5.2.2. The { 0 0 1 } faces 
It was shown in fig. 9d that the stability of the { 0 0 1 } faces decreases 
strongly with increasing temperature. The roughening temperature estimated 
from this figure is ( 1480 ± 30 ) K. This is higher than the highest tempera­
ture at which, according to Olshanetsky and Mashanov [29], LEED patterns 
can be observed, which explains why to our knowledge never order-disorder 
transitions were reported in LEED studies of these faces. If it is assumed that 
the dimer reconstruction is the reason for the observation of { 0 0 1 } facets 
on CVD grown silicon crystals, ( see refs. [30-32] ), the results of our study 
indicate that the dimers on { 0 0 1 } are stable for all temperatures up to at 
least 1480 K. 
5.3. Growth a t high supersaturat ion: kinetic roughening 
5.3.1. The influence of supersaturat ion on the shape of the growth 
hillocks on { 1 1 1 } 
As was discussed by van Enckevort and Giling [33], with the aid of a 
broken bond model of the Si ( 1 1 1 ) surface it is predicted that growth hillocks 
on this face will be terminated by straight steps parallel to the direction of 
the very stable < 1 Ï 0 > PBC's, which advance in the < 1 1 2 > directions 
( see fig. 4b ). The reason for this is that on the edges of these particular 
steps atoms can only attach via a single bond. This implies that a nucleation 
barrier exists for growth on these < 1 1 2 > steps, which is not present 
on steps in other directions. Growth hillocks terminated by these steps have 
been observed for the LPE growth of Si from metallic solutions [34,35]. 
However, many experimental observations have been reported which are 
in conflict with above prediction. In Si CVD and MBE growth experiments 
almost always hillocks bound by < 1 1 2 > steps are observed ( see e.g. 
fig. 5a, ref. [36], ref. [33] and refs. therein ). 
According to van Enckevort and Giling [33] the reason for this discrep-
ancy is that the < ï Ï 2 > have the possibility to undergo a step reconstruc-
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tion, i.e. dimerization of step edge atoms occurs in a similar way as for the 
surface atoms on the dimer reconstructed Si ( 0 0 1 )-( 2x1 ) surface. This 
reconstruction makes the < ï Ï 2 > steps more stable than the < 1 1 2 > 
steps and consequently growth hillocks become bound by the former steps as 
long eis the experimental conditions favour the dimerization process. 
In this study it was observed that, in accordance with the findings of other 
authors, growth hillocks on ( 1 1 1 ) are almost always bound by < î ï 2 > 
steps, except for growth at a high supersaturation at the higher temperatures, 
where the hillocks become bound by < 1 1 5 > steps ( see fig. 3a ). This 
is consistent with the results of Nishizawa and Shimbo, who have observed 
that the ratio of advancement rates for the < ï I 2 > and the < 1 1 2 > 
directions of hillocks on ( 1 1 1 ) decreases with increasing temperature and 
increasing vertical growth rate [36]. 
Our interpretation of this behaviour is as follows: as the supersaturation 
increases, the coverage of the steps with silicon species increases. A higher 
silicon coverage on the step will lead to a higher advancement rate of the 
step. In a sense the reconstructed < ï ï 2 > steps are comparable with a 
dimer reconstructed ( 0 0 1 ) surface, while the < 1 1 2 > steps resemble 
the broken bond ( 1 1 1 ) surface. So the coverage of the different steps with 
silicon species will show similarities with the adsorption on the corresponding 
surfaces. Recently we have performed a theoretical study of adsorption pro-
cesses on these two surfaces [30,31]. It was found that at low supersaturations 
the Si coverages of ( 1 1 1 ) and dimer reconstructed ( 0 0 1 ) are very similar. 
However, if the supersaturation is raised, insertion into the dimer bonds of 
silicon species becomes significant, in particular SÌ2 species which can form 
four bonds with the ( 0 0 1 ) surface. The surface in the direct neighbourhood 
of such ал adsorbed S12 unit very much resembles a broken bond ( 0 0 1 ) 
surface, and it was shown in ref. [31] that adsorption on this broken bond 
surface is very favourable. It is likely that similar processes will play a role at 
the step edges. So probably the effect of supersaturation on the < ï ï 2 > 
and the < 1 1 2 > steps will be that both steps will advance faster, but that 
the increase in step advancement rate for the < I I 2 > directions is much 
higher than for the < 1 1 2 > directions ( as indeed was experimentally 
observed by Nishizawa and Shimbo [36] ), until above a certain supersatu-
ration the < Ì 1 2 > steps run faster than the < 1 1 2 > steps. So at 
high supersaturation all steps have obtained a "broken bond" character and 
consequently the slowest steps are the < 1 1 2 > steps, as predicted by van 
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Enckevort and Giling for this case. This will give growth hillocks bound by 
< 1 1 2 > steps, as was observed. 
5.3.2. T h e m o r p h o l o g i c a l i m p o r t a n c e of t h e { h h к }h>ic faces 
Above it was discussed t h a t most probably the { 1 1 0 } surfaces in their most 
stable configuration contain monatomic terraces with dimerized step edges. 
This means t h a t the effect of supersaturation on these faces might be ex­
plained by the following argumentation: as shown in section 5.3.1, at higher 
supersaturations the dimer reconstruction of these step edges disappears be­
cause of the strong adsorption of growth species into the dimers on the step 
edges. So the steps become rough and therefore also the connection between 
the PBC's disappears. This means that the { 1 1 0 } faces will loose their 
stability and will become atomically rough. 
By the above argumentation that the { 3 3 1 } and { 5 5 1 } faces are 
composed of { 1 1 0 } terraces and { 1 1 1 } risers, the effect of supersat­
uration on these faces will be likewise. As at the higher temperatures in 
the near-equilibrium experiments these faces are already becoming thermally 
roughened ( see above ), it is clear that only a moderate supersaturation is 
required for the kinetic roughening of these faces, which explains why they 
were not observed on the hemispheres discussed in section 3.2. 
5 .3 .3. T h e { 1 1 1 } faces 
A most surprising observation in our experiments was that the { 1 1 1 } faces, 
which in a broken bond configuration contain three intersecting PBC's and 
therefore should be very stable F-faces according to P B C theory, becomes 
kinetically rough at a moderately high supersaturation at the higher temper­
atures. It might be that an explanation based on terraces with dimerized 
< ï Ï 2 > step edges ( as in the before mentioned DAS model for the 
Si ( 1 1 1 )-( 7 x 7 ) surface [28,29] ), which become destabilized at the higher 
supersaturations, is also valid here, although the { 1 1 1 } faces do not need 
these terraces to become stable faces. 
A more likely explanation for the kinetic roughening of { 1 1 1 } is 
the following: in refs. [30,31] it was shown that the effect of an increase in 
supersaturation is that the coverage of the { 1 1 1 } surfaces with double-
bound SÌ2 species increases strongly. Considering the high stability of five-
rings of silicon, as e.g. involved in the dimer reconstruction of the { 0 0 1 } 
faces and the dimerized < ï I 2 > steps on { 1 1 1 }, we think that the 
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five-ring which is formed by such an adsorbed SÌ2 unit and the underlying 
three silicon atoms is also a stable unit. Therefore its lifetime on the surface 
will be relatively high. 
If growth proceeds, these double-bound SÌ2 units may serve as extra 
nucleation sites for other growth species from the gas phase. So, besides the 
surface diffusion of growth species to the edges of monatomic steps which 
were already present on the surface, growth on the { 1 1 1 } faces may also 
proceed via the attachment of species on the S12 adsorbates in between the 
steps. However, a complication that arises in the adsorption of SÌ2 is that the 
atoms in the adsorbed S13 unit are not in lattice positions. Either the bond 
between the two atoms of the Siz unit or one of the bonds of the unit with the 
surface must be broken in order to obtain atoms in epitaxial positions. This 
means that during growth the atoms of the species, which become attached 
to the adsorbed SÌ2, might also not be in lattice positions. This will lead 
to defective growth, as was observed in fig. 3a ( see arrows ). In any case, 
however, the extra nucleation probabilities will lead to kinetic roughening of 
the { 1 1 1 } faces. 
5.3.4. The { 0 0 1 } faces 
In refs. [30,31] we have already briefly discussed the effect of supersaturation 
on the stability of the { 0 0 1 } faces in their most stable configuration, which 
is ( 2x1 ) dimer reconstructed, by considering the adsorption probabilities of 
SÌ2 species on these faces. As was already mentioned in section 5.З.1., where 
we have discussed the decreasing stability of dimer reconstructed steps with 
increasing supersaturation, at the higher supersaturations the insertion of Sis 
units info surface dimers, with the formation of four bonds to the surface, 
becomes very likely. 
An important difference between the adsorption of S12 on these surfaces 
with respect to that on the { 1 1 1 } surfaces is that the SÌ2 units on dimer 
reconstructed { 0 0 1 } are directly positioned in their energetically most 
favourable positions. Therefore it is expected that, although at a particular, 
high supersaturation the surface density of SÌ2 units adsorbed into dimers on 
{ 0 0 1 } might become higher than the coverage of the { 1 1 1 } faces with SÌ2 
units, growth on the { 0 0 1 } surfaces will remain epitaxial, while it becomes 
defective on { 1 1 1 } faces. 
Nevertheless also the { 0 0 1 } faces will become atomically rougher when 
the supersaturation ( and thus the amount of S12 inserted into the dimers on 
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the surface ) is increased, so the growth rate normal to the surface becomes 
higher in comparison with that of vicinal orientations. The result is that the 
dimension of the facet becomes smaller, as was observed experimentally ( see 
fig. 4c ). 
A final remark that we want to make on this subject is that obviously 
the increase in supersaturation has a more drastic effect on the stability of 
the dimer reconstructed < I I 2 > steps discussed above than on the dimer 
reconstructed { 0 0 1 } faces, because clear ( but small ) { 0 0 1 } facets 
are still observed after growth at higher σ at the high temperatures. Most 
probably the reason for this is that adsorption at the dimer reconstructed step 
edges is somewhat easier than on the reconstructed ( 0 0 1 ) surface, possibly 
because of larger bond-angle and bond-length strains at the step edges. 
5.3.5. The { h h к }h<k faces 
[ 1 ï 0 l-PBC's 
Fig.12. Proposed model for dimer reconstruction on ( 1 1 3 ). The [ 1 I 0 ] 
zigzag chains ( PBC's ) are indicated by large circles. A denotes the bro-
ken bond situation, where the arrows indicate the deformation of the surface 
required in the formation of the dimer bond; В denotes a dimer bond. 
It was observed in this study that at the higher temperatures the morphologi­
cal importance of the { h h к }h<fc faces hardly changes as the supersaturation 
is increased, while the importance of all other faces decreases drastically ( see 
figs. 4a to d ). We think that this behaviour can be explained by the dimer 
reconstruction model proposed for these surfaces ( see fig. 12 and ref. [2] ) 
and the before discussed supersaturation effects on the { 0 0 1 } faces. That 
is, the { h h к }h<fc faces are composed of dimers and, as was shown in 
the foregoing paragraph, an increase in the supersaturation leads to an in­
crease of the amount of SÌ2 units adsorbed into these dimers. Similar to the 
{ 0 0 1 } faces, also the { h h к }h<fc faces can accomodate large surface 
concentrations of SÌ2, because also on these faces these adsorbates become 
directly positioned in stable surface positions. This implies that, similar to 
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the behaviour of the { 0 0 1 } faces, up to relatively high supersaturations 
growth on the { h h к }h<h faces will remain epitaxial. Consequently the 
facets on the hemispheres for these orientations will remain flat up to high 
supersaturations. 
6. S u m m a r y 
The influence of the gas phase parameters temperature, Cl/H-ratio and su­
persaturation on the orientation dependence of silicon crystal growth in the 
Si-H-Cl CVD system was investigated with the aid of hemispherical single 
crystal substrates. 
By measurement of the facet dimensions on the hemispheres the morpho­
logical importance of the flat faces { 1 1 1 } , { 0 0 1 } , { 1 1 0 } , { 5 5 1 } 
and { 3 3 1 } was investigated. It was found that the stability of the { i l l } 
and the { 1 1 0 } faces is independent of temperature, while that of the faces 
{ 0 0 1 } , { 5 5 1 } and { 3 3 1 } decreases with increasing temperature. 
The chlorine-hydrogen ratio has little effect on this behaviour. Roughening 
temperatures for the different faces were derived from the dependence of the 
facet dimensions on temperature: ( 1400±30 ) К for { 3 3 1 }, ( 1470±50 ) К 
for { 5 5 1 } and ( 1480 ± 30 ) К for { 0 0 1 }. For { 1 1 0 } and { 1 1 1 } the 
roughening temperatures will probably be much higher than 1500 K. 
It was found that at high temperatures for a high supersaturation the 
morphological importance of the faces { 1 1 1 } , { 1 1 0 } and { 0 0 1 } 
decreases strongly, while the { 3 3 1 } and { 5 5 1 } faces disappeared from 
the growth form. The { 1 1 3 } and { 3 3 7 } faces, which were not stable 
at low temperatures, were however still clearly visible as flat faces on the 
hemispheres. At these conditions the growth hillocks on the { 1 1 1 } faces 
were terminated by < 1 1 2 > steps instead of dimer reconstructed < 1 1 2 > 
steps, which is normally observed. An interpretation of this effect was given 
based on the adsorption probabilities for silicon species on the different steps. 
As most probably dimer reconstructed steps are involved in the stabilization 
of the { h h к }н>к faces, this interpretation was also applied to explain the 
effects of supersaturation on the morphological importances of these faces. 
The kinetic roughening of the { 1 1 1 } faces was explained by the ad­
sorption of SÌ2 units, which on these faces are not in lattice positions. At 
high supersaturations this leads to defective growth on these faces. It was 
discussed that an increase in supersaturation has a less drastic effect on the 
morphological importance of the { 0 0 1 } and the { h h к }h<k faces, because 
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on these faces the adsorption of SÌ2 units occurs into surface dimers, which 
implies that no extra nucleation sites are created on these faces and growth 
will remain epitaxial up to high supersaturations. 
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CHAPTER 8 
REDUCED PRESSURE SILICON CVD 
ON HEMISPHERICAL SUBSTRATES 
J. G. E. Gardeniers, C. H. Klein Douwel and L. J. Giling 
Submitted to the Journal of Crystal Growth. 
Abstract 
The orientation dependence of silicon crystal growth in the Si-H-Cl CVD sys­
tem is studied as a function of temperature and Cl/H-ratio in the gas phase 
for pressures of 0.1 and 0.01 atm. This is done with the aid of hemispherical 
single crystal substrates. The transition from macrosteps at low tempera­
tures to flat { h h к }h<k faces at high temperatures, as reported before, is 
reinvestigated. It is found that this transition is not only dependent on the 
Cl/H-ratio in the gas phase, but also on the pressure. The observed trend is 
consistent with the idea that adsorption is responsible for the destabilization 
of the faces, however, the pressure dependence is not as large as predicted by 
the previously developed model. For this discrepancy an explanation, based 
on the increasing importance of surface kinetics at lower pressures, is sug­
gested: as most probably the desorption of CI is the rate limiting step during 
growth, the coverage will be higher than expected from equilibrium consid­
erations, and consequently the destabilization of the { h h к }h<k faces will 
extend to higher temperatures than expected from equilibrium calculations. 
At the lower pressures it is found that the stability of { 0 0 1 } , { 3 3 1 } and 
{ 5 5 1 } not only decreases with increasing temperature, as reported before, 
but also is lower for lower Cl/H-ratios in the gas phase and lower pressures. 
This proves that both thermal roughening and the decrease in the coverage, 
which takes place at a lower Cl/H-ratio or at a lower pressure, results in the 
decreasing stability of the { h h к }н>к and { 0 0 1 } faces at higher tem­
peratures. In conclusion, the effect of the adsorption of H and CI is either 
stabilizing ( for the { 0 0 1 } and the { h h к }h>k faces ) or destabilizing ( for 
the { h h к }h<k faces ). This ambivalency is interpreted as the consequence 
of prefered adsorption on surface or step sites, resp. 
142 
1. I n t r o d u c t i o n 
In earlier papers [1-4] we have reported on the orientation dependence of 
the crystal growth of silicon with the Si-H-Cl CVD system at atmospheric 
pressure. In these studies the stability of flat faces belonging to the < 1 1 0 > 
zones was investigated as a function of temperature, chlorine-hydrogen ratio 
and supersaturation. This was done with the aid of hemispherical single 
crystal specimens. 
Dependent on the experimental conditions the following surface phase 
transitions were observed: 
t. Orientations which can be described with Miller indices { h h к }h<k, e.g. 
{ 1 1 3 } , { 3 3 7 } and { 7 7 1 3 } , appear as macroscopic steps at low temper­
atures and as well-deñned flat faces at high temperatures. The temperature 
of transition from macrosteps to flat faces depends on the chlorine-hydrogen 
ratio in the gas phase. 
The explanation as given in ref. [3] is based on the presence of adsorbed CI 
and/or H. At high temperatures the surfaces have a low coverage, resulting 
in stable flat faces, whereas the surfaces become destabilized by the increased 
adsorption at lower temperatures. It was argued in ref. [2] that a high cover-
age favours the formation of macroscopic steps, because the step free energy 
decreases with increasing coverage. The high stability of the { h h к }/»<fc faces 
under conditions where the coverage is low was attributed to the stabilizing 
effect of dimer reconstruction on these surfaces ( see ref. [3] ). 
t't'. Orientations which can be described with the indices { h h к }h>k> i-e. 
{ 3 3 1 } , { 5 5 1 } and { 1 1 0 } , appear as well-defined flat faces at low 
temperatures, but disappear from the hemispheres at higher temperatures. 
As at atmospheric pressures no clear dependence on the chlorine-hydrogen 
ratio was observed for this effect, this transition was described to thermal 
roughening. The observed order of thermal roughening was: 
It was shown in ref. [4] that dimer reconstruction is also involved in the stabi­
lization of these { h h к }h>k faces. However, in contrast to the { h h к }н.<к 
faces discussed above, the dimers formed are not tn the surface, but on the 
edges of small terraces, which stabilize the faces by a reduction of the dangling 
bond density. 
in. The { 0 0 1 } faces appear as well-defined flat faces at all temperatures, but 
the dimensions of these faces with respect to other faces on the hemispheres 
143 
become smaller at higher temperatures. As at atmospheric pressures for these 
faces no clear dependence on the chlorine-hydrogen ratio was observed, this 
transition was described to thermal roughening. 
tv. For high supersaturations and high temperatures the { i l l } and { 1 1 0 } 
faces disappear from the hemispheres because of kinetic roughening. 
In this paper we shall present the results of similar growth experiments as the 
ones reported in refs. [1,2,4], for pressures of 0.1 and 0.01 atm. The motivation 
to perform a low pressure study of the above described effects is to get more 
insight in the specific role of adsorption in the stabilization or destabilization 
of silicon crystal faces. 
Table 1. Experimental conditions. 
ρ in 
atm 
0.102 
0.102 
0.102 
0.102 
0.102 
0.102 
0.102 
0.102 
0.102 
0.102 
0.102 
0.0114 
0.0114 
0.0114 
Τ 
in К 
1317 
1373 
1317 
1277 
1372 
1299 
1257 
1315 
1333 
1333 
1253 
1289 
1227 
1227 
Cl/H 
ratio 
0.06 
0.06 
0.01 
0.15 
0.025 
0.005 
0.06 
0.1 
0.1 
0.15 
0.01 
0.06 
0.06 
0.01 
supersaturationmass flc 
σ in % 
0.5 ± 0.2 
0.5 ± 0.2 
0.5 ± 0.2 
0.5 ± 0.2 
0.5 ± 0.2 
0.5 ± 0.2 
2.1 ± 0.6 
0.5 ± 0.2 
0.5 ± 0.2 
0.5 ± 0.2 
3.2 ± 0.9 
0.5 ± 0.2 
0.9 ± 0.3 
0.5 ± 0.2 
in seem 
400 
400 
400 
143 
400 
400 
400 
200 
200 
144 
400 
400 
400 
400 
2. Exper imenta l 
The experimental procedure was essentially the same as described before [1,3-
5], except that the growth system was equipped for operation at low pressures. 
The cross-section of the reactor tube was 1.3 cm 2; the length of the hot zone 
was approximately 23 cm. 
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Growth experiments were performed at total pressures of 0.102 ± 0.002 
and 0.0114 ± 0.0001 atm for temperatures ranging from 1225 to 1375 K. 
The chlorine-hydrogen ratio was varied from 0.005 to 0.15 by a change in the 
relative amounts of mass now of the input gases SÌH2CI2, HCl and Нз- The 
conditions for the reduced pressure experiments are summarized in table 1. 
Note that in all growth experiments the supersaturation ( see ref. [1] for a def­
inition ) was very low, which implies that in none of these experiments kinetic 
roughening effects ( see ref. [4] ) are expected. The duration of all growth ex­
periments was 2 hours. The total mass flows used in the experiments, as they 
were measured at room temperature and atmospheric pressure, are indicated 
in the table. 
3. Results 
Besides the effects which were observed at atmospheric pressure, several new 
and remarkable results are obtained for growth at reduced pressures, such as: 
1. Several not previously reported flat faces with indices { h h к }h<k are 
found. These appear only at the lower pressures and even then only at 
the higher temperatures and/or for lower chlorine-hydrogen ratios. 
и. The new results show a clear dependence of the stability of the { 0 0 1 } 
faces and the faces with indices { h h к }h>k on the chlorine-hydrogen 
ratio and the pressure. 
For the interpretation of these new effects we shall start this section with a 
summary of all the observed flat faces. Next we shall discuss the stability of 
these faces as a function of the experimental conditions. To this purpose we 
shall use the division of faces into the families { h h к }h<k, { h h к }h>k> 
{ 1 1 1 } and { 0 0 1 } as introduced in réf. [1]. 
3.1. Survey of observed flat faces 
In table 2 all the experimentally observed flat faces are summarized, i.e. those 
reported before [l] plus some faces which have not yet been reported and which 
only appear at the lower pressures. Fig. 1 shows all the observed faces in a 
stereographic projection on the ( 1 1 1 ) plane. 
The identification of the different faces is based on (1) the angular posi-
tion, and (іг) the occurence of symmetry related faces. As in all experiments 
the flat faces on the hemispheres have diameters of at least 50 μτη and as 
symmetry related faces are present several times on the same hemisphere 
( provided that they are stable under the applied growth conditions ), we 
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think that the identification of the different faces can be done rather accu­
rately. To this purpose we used a goniometer, which gives an accuracy in 
angle measurement of less than 0.1°. The uncertainties mentioned in the sec­
ond column of table 2 are the standard deviations in the average value of the 
angles between a certain flat face on the hemisphere and the nearest { 1 1 1 } 
face in the same < 1 1 0 > zone. This average value was obtained from a 
number of measurements on different faces with the same indices on the same 
hemisphere. This number is placed between parentheses in column two of the 
table. 
Table 2. Indices of the observed flat faces and their angles with the ( 1 1 1 ) 
face. 
Miller-indices Measured angle0 Calculated angle 
1 1 1 70.5° ± 0.1° (3) 70.53' 
0 0 1 -54.8° ± 0.1° (3) -54.74' 
{ h h к }fc>fc faces: 
1 1 0 35.31° ± 0.06°(3) 35.26 
5 5 1 27.22° ±0.06° (6) 27.22 
3 3 1 21.9° ±0.1° (6) 22.00 
{ h h к }h<k faces: 
1 1 3 -29.5° ± 0.1° (12) -29.49 
5 5 13 -26.1° ±0.2° (4) -26.19 
3 3 7 -23.5° ±0.1° (12) -23.51 
9 9 19 -20.86° ± 0.08° (7) -20.92 
7 7 13 -17.45° ±0.08° (9) -17.45 
"averaged values from goniometer measurements of a certain number of dif­
ferent faces with the same indices on the same hemisphere. This number is 
placed in parentheses. 
Of all the faces which, within the uncertainty range, correspond to the 
measured angles in the second column of table 2, the ones with the lowest 
possible Miller indices are given in the first column of the table. The third 
column gives the theoretical angle for the face in the first column. 
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In the table we have used the above mentioned division into { h h к }h<fc 
and { h h к }н>к fîices, while the { 1 1 1 } and { 0 0 1 } are mentioned 
separately. This is done so because of the different behaviour of these families 
as a function of experimental conditions, аз mentioned in the introduction. 
This division will be followed in the rest of the paper. 
( 1 0 1 ) 
„ - ' ' ( 5 1 5 ) О
ч
 " ^ - ^ 
( 9 O 1 0 ) < . . ( S 1 3 ) 0 ( 1 3 7 7 ) , 
\ Ι ο ι I 
^ / 
# l 3 . 4 7 ) ч 
í 8 S l S ) # . í i l » ) \ Ю Н 
\ 
\ 
[ 1 1 0 ] ( 
\ [ 1 1 0 f " ( 5 5 1 3 ) / » ( 6 5 ΐ Γ ^
Ο
( Ι 1 0 ) 
\ ( 1 3 3 Ό ( 9 10 0 ) · \ 
\ ( Ϊ 5 5 ) 0 « ( 3 7 3 ) \ 
\ / ( 5 13 5 ) · , _ \ 
\ Ο ( 0 1 1 ) ' » ( 1 3 1 ) \ 
( l l î ) % ( B 5 13) C f ( l · » ) \ \ 
( 3 3 Τ ) · . ( 9 9 1 9 ) 0 ( 1 : , Ϊ ) ί 1 0 . 1 1 \ ( 7 7 13 ) · 4 / ( , γ J ) ! 
ν / , ., ·, \ ! f ι s ι ι _ 1 _ ^ 7 1 3 7 ) ! ( 1 3 1 ) pJ-. ( I S l H V » ) · 
( » » i ' ( 9 19 9 ) ( S 13 5 )
 ( ^ , j ( 5 13 6 ) ( 9 19 9 ) 
Fig.l. Stereographic projection on the ( 1 1 1 ) plane of crystal faces and 
zones as observed in our experiments. 
3.2. T h e { h h к } h < k faces 
The faces in table 2 belonging to the category { h h к }/l<fc are { 1 1 3 } , 
{ 3 3 7 }, { 7 7 13 }, { 9 9 19 } and { 5 5 13 }. Of these faces the { 1 1 3 } 
and { 3 3 7 } have also frequently been observed in our atmospheric pressure 
experiments ( see refs. [1,3] ). At 1 atm the { 7 7 13 } faces were only observed 
in experiments at a very high temperature and a chlorine-hydrogen ratio of 
0.02. At the lower pressures they are also observed at lower temperatures. 
Up to now the faces { 9 9 19 } and { 5 5 13 } have not been reported 
in literature as growth faces of silicon. These faces only appear in the lower 
pressure experiments, and even then only for the high temperatures and for 
low chlorine-hydrogen ratios. 
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.7..« 
1 0 0 μχη 
(7713) 
î Fig.2.b. 
Photograph of the position on 
on the hemisphere where a { 3 3 5 } 
face is expected. 
*- Fig.2.a. 
Composition of photographs 
of the { h h к }h<fc faces after 
growth at 0.1 atm, a Cl/H-ratio 
of 0.01, a temperature of 1317 К and 
a supersaturation of 0.005. 
In fig. 2a we show a composition of photographs of the { h h к }н<к 
faces, as observed on a hemisphere after growth at 0.1 atm, 1317 К and a 
Cl/H ratio of 0.01. On this particular part of the hemisphere no ( 5 5 13 ) 
face can be seen ( if present, it should be visible in between the ( 1 1 3 ) and 
the ( 3 3 7 ) faces ); only macrosteps are present at this position. 
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In the goniometer measurements on the hemisphere, grown at 0.1 atm, 
1372 К and a chlorine-hydrogen ratio of 0.025, besides the reflections of the 
five { h h к }h<k faces mentioned in table 2, also several times clear reflections 
were found at angles of 14.3° ± 0.3° with respect to the nearest { 1 1 1 } 
face. It is quite sure that these goniometer reflections belong to small { 3 3 5 } 
facets, which have a theoretical angle of 14.42° with their nearest { 1 1 1 } 
face. Fig. 2b shows a microscope photograph of the corresponding part of the 
hemisphere. 
Cl/II 
о l ' i -
О о , 
Fig.3. 
Diagram showing the experimental 
conditions for which the { h h к }h<k 
orientations appear as flat faces or 
as macroscopic steps after growth on 
the hemispheres. Closed symbols in­
dicate the conditions at which the 
{ 1 1 3 } and the { 3 3 7 } orientations 
appear as flat faces, while open sym­
bols indicate the conditions where all 
{ h h к }h<k orientations appear as 
macrosteps. 
Circles correspond to experiments at 0.1 atm, squares to experiments at 0.01 
atm. The broken lines indicate the ( approximate ) conditions at which the 
transition from macrosteps to flat { 1 1 3 } and { 3 3 7 } faces occurs at the 
different pressures. The dashed region indicates the conditions at 0.1 atm at 
which, besides { 1 1 3 } and { 3 3 7 } faces, additionally { 7 7 13 }, { 9 9 19 } 
and { 5 5 13 } faces appear. 
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We want to stress that in our experiments never { 1 1 2 } faces are 
observed, in contrast to the findings of several other authors, who claim to 
have observed these faces after growth on cylindrical [6] or hemispherical [7] 
silicon substrates. 
In the diagram of fig. 3 a survey is given of the experimental conditions for 
which the { h h к }h<k faces appear as flat faces or as macroscopic steps. Cir­
cles correspond to experiments at 0.1 atm, while squares indicate experiments 
at 0.01 atm. Closed symbols indicate the conditions where stable { 1 1 3 } and 
{ 3 3 7 } faces are found, while open symbols indicate the experiments where 
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only macrosteps are observed in positions on the hemispheres corresponding 
to the { h h к }h<k faces. Region I indicates the conditions at which at 1 atm 
next to the { 1 1 3 } and { 3 3 7 } faces also { 7 7 13 } faces are observed. 
Region Π indicates the conditions at 0.1 atm where { 7 7 13 }, { 9 9 19 } and 
{ 5 5 13 } faces are observed. 
Fig.4. 
Diagram similar to that in fig. 3, but n/" 
for the { 3 3 1 } faces. Closed sym­
bols indicate the conditions at which 
the { 3 1 1 } faces are stable, while open о ю · · „ι aim 
symbols indicate the conditions where 
these faces are not observed. Circles 
correspond to experiments at 0.1 atm, 
squares to experiments at 0.01 atm. 
The broken line denoted by "0.01 atm" 
is tentative. τ / κ 
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3.3. T h e { h h к }h>k faces 
The faces in table 2 belonging to this category are { 3 3 1 } , { 5 5 1 } and 
{ 1 1 0 } . 
In ref. [4] it was shown that for growth at 1 atm the morphological impor­
tance of the { h h к }/,>* faces decreases with increasing temperature. Above 
a certain temperature, which in ref. [4] was argued to be the roughening tem­
perature of the face ( denoted by T R ), a specific { h h к }h>k face is no 
longer present as a facet on the hemispheres. The order of the temperatures 
of roughening for the three faces was determined to be: 
Тд,{110} > Т
Лі
{Б51} > Тлдзз і} 
A similar behaviour is found for growth at 0.1 and 0.01 atm. However, in 
contrast to the results of the 1 atm experiments, where no clear effect of 
the Cl/H-ratio was observed on the stability of the { h h к }h>k faces ( at 
least not for the experimental conditions investigated in ref. [4] ), at the 
lower pressures a significant dependence of the roughening temperature of 
the { 3 3 1 } faces on the Cl/H-ratio in the gas phase is found: at a given 
pressure all transition temperatures shift to higher values if the Cl/H-ratio is 
higher. This is depicted in fig. 4, which shows a diagram for the { 3 3 1 } 
faces, similar to that in fig. 3. In this figure closed circles and closed squares 
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indicate the experimental conditions at which clear { 3 3 1 } facets are found 
on the hemispheres after growth at 0.1 and 0.01 atm, respectively, while the 
open circles indicate the conditions at which no { 3 3 1 } facets are observed 
at 0.1 atm. In the atmospheric pressure experiments the { 3 3 1 } faces were 
observed for temperatures up to 1400 K, rather independent of the Cl/H-ratio 
in the gas phase. 
So it is observed that the roughening temperature of the { 3 3 1 } faces 
becomes higher for higher Cl/H-ratios, but lower if the pressure is reduced 
from 1 to 0.1 atm. In this context it is worth mentioning that in the experi­
ments at a Cl/H-ratio of 0.01 and a pressure of 0.01 atm the { 3 3 1 } facets 
were very small with respect to the other { h h к }h>k facets, which indicates 
that at 0.01 atm Τ л of the { 3 3 1 } faces is still lower than at 0.1 atm. 
Most probably similar effects occur for the { 5 5 1 } facets. Although 
they are still clearly visible in the experiments at 0.1 atm and a temperature 
of 1370 K, under these conditions the area of these facets with respect to that 
of the { 1 1 0 } facets has become very small. In contrast to the results for 
the { 5 5 1 } and { 3 3 1 } faces, it is found that the stability of the { 1 1 0 } 
faces is not affected by changes in temperature, Cl/H-ratio or total pressure. 
Fig.5. 
Diagram similar to that in fig. 3, but 
for the { 0 0 1 } faces. Closed sym- о is · · 
bols indicate the conditions at which ! 
the { 0 0 1 } faces are stable, while open 
symbols indicate the conditions where °[0 \ 
these faces are not observed. Half-filled 1 
symbols indicate the conditions at 
which only one out of the maximum 
number of three { 0 0 1 } are observed 
on the hemispheres. Circles correspond 
to experiments at 0.1 atm, squares to τ / κ 
experiments at 0.01 atm. 
3.4. T h e { 0 0 1 } faces 
As reported before, at 1 atm the stability of the { 0 0 1 } faces decreases with 
increasing temperature, independent of the (Cl/H)-ratio in the gas phase. In 
fig. 5 we show the effect of temperature and Cl/H-ratio on the stability of the 
ι
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{ 0 0 1 } faces at 0.1 atm ( circles ) and 0.01 atm ( squares ). Filled symbols 
indicate the conditions at which the { 0 0 1 } faces are observed as clear facets 
on the hemispheres. Half-filled symbols indicate the conditions at which only 
one out of the maximum number of three { 0 0 1 } facets is observed, while 
open symbols indicate the experiments in which no { 0 0 1 } facets are found 
on the hemispheres after growth. We want to mention that in the growth 
experiments at 1 atm always the maximum number of three { 0 0 1 } facets 
was observed on each hemisphere ( see ref. [4] ) under all the experimental 
conditions of fig. 5. The conclusion is that also for { 0 0 1 } the roughening 
temperature becomes lower at lower total pressures. 
3.5. T h e { 1 1 1 } faces 
As reported before, at low supersaturations the stability of the { 1 1 1 } faces 
is not affected by a temperature increase or a change in the (Cl/H)-ratio in 
the gas phase. The same appears to hold for a change in the pressure. In all 
the experiments at reduced pressures flat { 1 1 1 } faces are found. These 
results are consistent with the atmospheric pressure experiments, where only 
at high supersaturations and high temperatures no stable { 1 1 1 } faces were 
found because of kinetic roughening. 
4. Discuss ion 
Summarizing the experimental results presented in the foregoing paragraph, 
we can say that on the hemispheres two different surface phase transitions are 
observed when the temperature is increased: 
». A transition from macroscopic steps to stable flat faces. 
This is observed for the { h h к } h < f c orientations { 1 1 3 } , { 3 3 7 } , { 7 7 1 3 } , 
{ 9 9 1 9 } , { 5 5 1 3 } and { 3 3 5 } . The temperature at which the transition 
occurs is orientation dependent and increases in the order: 
{ 1 1 3 } , { 3 3 7 } < { 7 7 1 3 } < { 9 9 1 9 } < { 5 5 1 3 } < { 3 3 5 } , 
while for a particular orientation the transition also is dependent on the Cl/H-
ratio ( the transition occurs at a higher temperature if the Cl/H-ratio is 
higher ) and on the total pressure in the growth system ( at a higher pres­
sure the transition temperature is also higher ). This transition was called a 
"chemical roughening" transition in ref. [3], because it involves the roughen­
ing of intrinsically stable faces, caused by the interaction with the gas phase 
via a chemisorption process. The extra data obtained in the present reduced 
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pressure experiments are qualitatively in support of this model. 
a'. A transition from stable flat faces to continuously curved regions. 
This is observed for the { h h к }/l>fc orientations { 3 3 1 } and { 5 5 1 } and 
for the { 0 0 1 } orientations. This transition has already been interpreted as 
a thermal roughening transition [4]. In the present paper it is found that the 
roughening transition shifts to higher temperatures if the Cl/H-ratio in the 
gas phase is higher, but to lower temperatures if the pressure in the growth 
system is reduced. It is clear that besides the thermal roughening also a 
second effect ( probably adsorption ) is operative. This will be explained 
below. 
It is found that the { 1 1 1 } and { 1 1 0 } orientations do not show the above 
surface phase transitions. In all the experiments described in this paper and 
in refs. [1,4] stable { 1 1 1 } and { 1 1 0 } faces were found. Exceptions to 
this are the high temperature/high supersaturation experiments described in 
ref. [4], in which kinetically roughened { 1 1 1 } and { 1 1 0 } were observed. 
In this section we shall investigate models to interpret the above men­
tioned surface phase transitions. 
4.1. The transition from macroscopic steps to stable { h Ь к }ь<к 
faces: chemical roughening 
Stable { 1 1 3 } faces have been reported many times for crystals grown from 
the gas phase ( see refs.[6-16] ). However, their high stability is not expected 
from a Periodic Bond Chain analysis [17] and their atomic structure is still 
unknown, although it is an experimental fact that the { 1 1 3 } faces are 
reconstructed [18-24]. In a previous paper [2] we have used the concept of 
surface dimer formation in the surface as an explanation for the stability of 
the { 1 1 3 } faces. Although the theoretical calculations of Chadi suggest that 
dimer reconstructed { 1 1 3 } faces should have a very high surface energy 
[25], from our estimations of the variation of surface tension with orientation, 
stable { 1 1 3 } faces are expected, because the surface tension has marked 
minima at these orientations [2]. 
Except for { 1 1 3 }, all other above mentioned { h h к }h<k faces have 
not been reported before for silicon crystal growth. Surface studies by Ranke 
and Xing indicate, however, that besides the { 1 1 3 } faces, also the { 3 3 7 } 
faces are stable on silicon crystals under UHV conditions [21]. These authors 
are the only to confirm the stability of the latter faces, although we have 
the impression that the flat faces which were observed after CVD on curved 
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substrates and which were identified as { 1 1 2 } by several authors [6,7] 
might also be { 3 3 7 }, because the angle between these two faces is only 
4°. This impression is consolidated by several recent studies on the { 1 1 2 } 
faces, which show that these faces are not very stable and have the tendency 
to "facet", i.e. they tend to form macroscopic steps with { 1 1 1 } oriented 
terraces and step risers of an as yet unidentified orientation [26-29]. 
Fig.6. 
The diagram of fig. 3, including the the­
oretical transitions ( solid lines } from C1/H 
v
 · 0 1 5 -
macroscopic steps to flat { 1 1 3 } faces 
for different total pressures. The ther-
mochemical data used to calculate these о ю 
transitions were ( see also ref. [3] ): 
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Error bars indicate the experimentally 
observed transitions at 1 atm [3]. 
In ref. [3] we have discussed the stability of the { 1 1 3 } and { 3 3 7 } faces 
as a function of the experimental parameters temperature and Cl/H-ratio in 
the gas phase. It was found that on the hemispheres used in the experiments, 
above a certain critical temperature, T
c r
, flat { 1 1 3 } and { 3 3 7 } faces 
are found, while below this temperature only macroscopic steps are visible 
in positions on the hemispheres corresponding to these orientations. It was 
found that this T
c r
 strongly depended on the Cl/H ratio in the gas phase. It 
was demonstrated that this so-called "chemical roughening" effect may either 
be caused by the adsorption of CI alone or by the competitive adsorption of 
both CI and H. The adsorption of these species lowers the step free energy 
79t«p on the { 1 1 3 } faces, until at a certain coverage ч^ер becomes zero 
and consequently, according to crystal growth theory, the faces should become 
atomically rough. From the experimental dependencies values for the enthalpy 
and entropy changes for chemisorption of CI and Η were derived, which were in 
reasonable agreement with literature values of Si-Cl and Si-Η bond strengths 
in silicon compounds and entropy values derived with the aid of statistical-
0 1 ami О О ' , л п 
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thermodynamical procedures. 
In fig. 6 the diagram of fig. 3 is replotted. In this diagram lines are 
drawn to indicate the transitions from unstable to stable { 1 1 3 } faces at 
different pressures as they are calculated with the aid of the procedure and 
the data of ref. [3]. In this calculation it is assumed that both chlorine and 
hydrogen adsorb. The thermochemical data for adsorption are mentioned 
in the caption of the figure. The partial pressures of CI and H, which were 
required in the calculation of the coverages of these species, were taken from 
equilibrium calculations [3]. In the figure the experimental conditions at which 
the transition takes place at 1 atm are indicated by error bars. 
The theoretical line for adsorption at 1 atm gives an almost perfect fit 
with the experimental observations. However, it is clear from the figure 
that the theoretical line for 0.1 atm does not agree with the experimental 
points. The discrepancy between theoretical and experimental transitions is 
even larger for 0.01 atm, for which case the theoretical line lies outside the 
limits of the figure. 
When similar transition lines were calculated for the case of the adsorp-
tion of CI alone, the correspondence between calculated transition lines and 
experimental points is not unreasonable for 1 atm. But, although for the lower 
pressures the discrepancy between theory and experiment is smaller when it is 
assumed that only chlorine is responsible for the chemical roughening, also in 
this case no good correspondence can be obtained for the lower pressures, be-
cause the adsorption data which were derived in ref. [3] predict a much larger 
pressure dependence than the one which is found experimentally. Moreover, 
if the chemical roughening was caused by the adsorption of CI alone, at the 
left of the transition lines the coverage of CI would be larger than 0.8. This is 
unlikely, because of the expected repulsive interactions between adsorbed CI 
atoms [30]. On the other hand, if both CI and H adsorb, the total coverage of 
these two species should be larger than 0.8. As it can be calculated [3] that 
in this case the CI coverage does not exceed 0.5 and because the possibility 
exists to form ordered Cl-H adlayers [30], the situation where CI and H adsorb 
competitively is more likely. 
As shown in fig. 6 and discussed above, the theoretical considerations of 
ref. [3] predict a much larger pressure dependence of the chemical roughen-
ing transition than observed experimentally. We think that this discrepancy 
results from the fact that in the above calculations the assumption is made 
that at the position of the hemisphere the gas phase is in equilibrium with 
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the solid, which assumption apparently is not justified for the lower pressures. 
This can be understood as follows: the deposition of silicon from SÌH2CI2 may 
be considered to take place via the following series of consecutive reactions: 
(i) gas phase decomposition: 
SÌH2CI2 ^ SiCla + H2 (1) 
(it) adsorption of SÌCI2, followed by diffusion to a step position and adsorption 
at this position: 
SiCb + step site ^ SiCl2,ttcp (2) 
(Hi) reduction of adsorbed SÌCI2 with H2: 
8іСІ2,,(
е
р + H2 ^ Si(s) + 2 HCl + step site (3) 
As was discussed in ref. [5], it is possible to achieve growth of silicon at very 
low supersaturations, if a hot-wall CVD system is used in which several sub­
strates are placed one after another in the direction of the gas flow. In an 
experimental run, input gas mixtures of SÌH2CI2, HCl and H2 are chosen with 
a silicon content only slightly larger than the calculated equilibrium content 
at the temperature of the first substrate in the reactor. If the equilibration of 
the gas phase with each individual substrate is complete, at all substrates in 
the reactor a low supersaturation can be achieved, if a temperature gradient 
in the direction of the gas flow is applied. In theory this method works, be-
cause the equilibrium silicon content in the gas phase, which can be expressed 
e.g. in a Si/Cl ratio [5], is strongly temperature dependent. Under such con-
ditions the above reactions will be almost in equilibrium and in that case in 
the calculation of the chemical roughening transition indeed the equilibrium 
partial pressures of CI and H can be used. 
If, however, the gas phase chemically has no opportunity to equilibrate 
with the substrates in the reactor, gas phase compositions may differ largely 
from the calculated equilibrium composition. It can be seen in table 1 that 
in our experiments the gas velocities at the position of the hemispheres for 
pressures of 1, 0.1 and 0.01 atm are approximately in the ratio of 20 to 200 
to 2000 cm s - 1 . Consequently the residence times for the gas mixtures in the 
hot zone of the reactor for the pressures of e.g. 1 and 0.01 atm will differ by 
a factor 100 and the chemical equilibrium of the gas phase with the silicon 
substrates might therefore be less established for the lower pressures, i.e. the 
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actual compositions might differ from the calculated equilibrium gas phase 
compositions if the pressure is lower. This means that the use of equilibrium 
partial pressures in the calculation of the chemical roughening transition most 
probably only is justified for the 1 atm case, but not for the 0.01 atm case. 
The above implies that at the lower pressures in the entrance region of 
the reactor the decomposition of SÌH2CI2 ( reaction (1) ) is not completed 
to the extent expected from an equilibrium calculation, leading to very low 
growth rates on the first samples, as is indeed experimentally observed. Fur-
ther away from the entrance of the hot zone unexpectedly high growth rates 
are observed, which indicates that at these positions the partial pressures of 
growth species are much higher than the equilibrium values. This again im-
plies that the actual supersaturations are higher than the ones mentioned in 
table 1, which are based on the establishment of equilibrium at all substrates. 
The higher pressures of the growth species thus also lead to higher cov-
erages of these species. Furthermore, according to several authors [31,32] 
reaction (3) is the rate determining reaction in the growth of silicon from 
halides. As the rate of this reaction even becomes lower at the reduced pres-
sures, because of the presence of less H2, also the coverage of CI will be 
higher than that expected from equilibrium calculations. So it might be that 
if a particular SÌCI2 molecule becomes incorporated into a step or kink posi-
tion before it loses the attached CI, while the step moves across this molecule, 
the CI coverage will be higher than the coverage calculated on the basis of 
equilibrium assumptions. 
In view of the above, we are of the opinion that the discrepancy between 
theoretical and experimental transition lines in fig. 6 is the result of an un-
derestimation of the CI coverage at the lower pressures. The CI coverage at 
pressures of 0.1 and 0.01 atm is higher than expected on the basis of the 
partial pressures calculated with the assumption that the Si-H-Cl gas phase 
mixture is in equilibrium with the silicon crystal. We think that the reason 
for this is that, especially at the lower pressures where less H2 is available, the 
desorption of CI is the rate determining step in the crystal growth of silicon. 
4.2. The { h h к } h > k faces 
In accordance with our observations, stable { h h к }k>k faces have also 
been observed in recent surface studies under Ultra High Vacuum ( UHV ) 
conditions: Tsong et al. observed very clear { 5 5 1 } and { 3 3 1 } facets in a 
Field Ion Miscoscopy study on silicon tips prepared from high purity whiskers 
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[33], while Ranke and Xing observed non-stepped LEED patterns for the 
{ 1 1 0 } and the { 3 3 1 } orientations on a cylindrical silicon specimen [21]. 
These observations demonstrate that the { 1 1 0 } , { 5 5 1 } and { 3 3 1 } 
faces are stable faces on the crystal form of Si in vacuum, which makes it 
almost certain that the high stability of these faces is inherent to the clean 
surface structure and is not induced by adsorption processes. 
Fig.7. 
Schematica! side views of the 
{ h h к }h>k faces ( 3 3 1 ), ( 5 5 1 ) 
and ( 1 1 0 ) projected on the ( 1 Ï 0 ) 
plane. 
(yd Λχ/ bef bei 'oo 
In view of the absence of a clear influence of the Cl/H-ratio on the stabil­
ity of the { h h к }h>k faces for growth at atmospheric pressure, in ref. [4] the 
disappearance of these faces at higher growth temperatures was interpreted 
as a thermal roughening phenomenon. However, in the present paper it was 
found that for growth at lower pressures the stability of the { 3 3 1 } faces 
has decreased with respect to growth at 1 atm, while for higher Cl/H-ratios 
the roughening temperature has increased. For instance, in the atmospheric 
pressure experiments for Cl/H-ratios of 0.005 to 0.12 the { 3 3 1 } faces dis­
appear from the growth form for temperatures above approximately 1400 K, 
whereas at 0.1 atm these faces are not observed for growth at temperatures 
above 1280 К if the Cl/H-ratio in the gas phase is 0.005 and above 1340 К 
if the Cl/H-ratio is 0.06 ( see fig. 4 ). The latter results demonstrate that 
at a lower pressure or at a lower Cl/H-ratio the roughening temperature of 
the { 3 3 1 } faces ( and probably also the { 5 5 1 } faces, see above ) de­
creases. Such effects are not expected if a pure thermal roughening process 
occurs. So besides thermal roughening also another process contributes to the 
destabilization of the above faces at higher temperatures. 
As was discussed before, the total coverage of the silicon crystal surface 
with CI and H decreases as the Cl/H-ratio in the gas phase or the total pressure 
decreases. The same trend is still expected when kinetic limitations prevent 
( 3 3 1 ) 
( 5 S 1 ) 
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the equilibration of solid and gas phase ( see the foregoing paragraph ). The 
decrease in the roughening temperature of the { 3 3 1 } faces for experimental 
conditions at which the total coverage is known to be lower leads us to the 
conclusion that these faces are stabilized by adsorption. Considering the sim-
ilarities in their atomic structures ( see fig. 7 ), the same will most certainly 
also hold for the { 5 5 1 } and the { 1 1 0 } faces. 
TOP VIEW SIDE VIEW 
Fig.8. Four-atom terraces on ( 1 Ï 0 ) with dimerized step edges. Closed 
circles: cluster atoms; large open circles: surface atoms; small open circles: 
sub-surface atoms. Dotted line: dimer bond. 
In a foregoing paper we have discussed a model for the atomic structure 
of the { h h к }н>к faces, in which dimerization at the edges of terraces 
on these faces was assumed. In fig. 8 we show a schematical drawing of a 
( 1 1 0 ) face with such terraces. The dimerization causes a gain in energy 
which stabilizes the ( 1 1 0 ) face, because it lowers the surface tension of the 
face by a reduction of the dangling bond density. It was discussed in ref. [4] 
that the terrace formation is particularly favourable on the { 1 1 0 } faces. 
As the { 1 1 0 } character decreases in the order: 
{ 1 1 0 } > { 5 5 1 } > { 3 3 1 } 
( see fig. 7 ), the stability of the { h h к }h>k faces also is expected to decrease 
in the same order. The experimental observations in this study and in ref. [4] 
are consistent with this view: the roughening temperatures of the faces also 
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decrease in this order. 
Fig.9. 
Fraction of dangling bonds remaining 
after the formation of terraces on the 
( 1 1 0 ) face for different sizes of the 
terraces. The distance in the [ 1 1 0 ] di­
rection between the terraces is assumed 
to be as small as possible, i.e. one bro­
ken bond unit cell in the [ 1 1 0 ] direc­
tion ( see also fig. 8 ). 
о 
2 4 β 
terrace size 
As tentative explanations for the stabilizing effect of adsorption we pro­
pose the following mechanisms: 
t. adsorption on the surface ( e.g. on the edges of the terraces ) favours 
the formation of smaller terraces. As can be seen in fig. 9, which shows 
the fraction of dangling bonds remaining after the formation of terraces 
with different sizes, the reduction of the dangling bond density is higher 
for smaller terraces. Smaller terraces would imply a larger reduction in 
surface tension and thus a higher stability of the face under consideration. 
it. adsorption makes the terrace formation as discussed in ref. [4] extra 
favourable, e.g. by relaxation of the strains which are introduced by the 
formation of dimer bonds on the edges of the terraces ( see fig. 8 ). 
4 .3 . T h e { 0 0 1 } faces 
In this study and in ref. [4] it was found that the stability of the { 0 0 1 } 
faces decreases at: 
a. higher temperature, 
b. lower pressures, 
с lower Cl/H-ratios in the gas phase. 
We think that these observations can be explained by two simultaneous phe­
nomena: 
». the thermal roughening of the { 0 0 1 } faces, which makes that these 
faces become less stable at higher temperature. 
ti. stabilization of the surface by adsorbed CI and H, similar to the { 3 3 1 } 
and { 5 5 1 } faces, which implies that these faces become less stable 
at lower total coverages of the surface, i.e. at higher temperatures, lower 
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total pressures and lower Cl/H-ratios in the gas phase. 
One might argue that actually the second of above two phenomena might 
suffice to explain all experimentally found dependencies. However, it was 
shown in ref. [2] that the effect of adsorption on the step free energy on the 
{ 0 0 1 } faces, is that although the step free energy decreases with decreasing 
surface coverage, it never becomes zero, which implies that the { 0 0 1 } faces 
should always be observed as flat faces on silicon crystals after growth. The 
latter is in contradiction with the experimental results in fig. 5, so that we 
have to conclude that besides the adsorption effects also thermal roughening 
must play a significant role in the experiments where the { 0 0 1 } faces were 
not observed. The results in fig. 5 imply that the roughening temperature of 
the { 0 0 1 } faces under adsorbate-free conditions is at most 1225 K, which 
is the lowest temperature at which the { 0 0 1 } faces are no longer present 
on the hemispheres. 
4.4. The ambivalent character of t h e influence of adsorpt ion on t h e 
stability of silicon faces 
One of the main conclusions of this study is that the stability of the different 
silicon faces is influenced by adsorption in two complementary ways: 
i. the { h h к }н<к faces are destabilized by adsorption; 
п. the { 0 0 1 } and the { h h к }н>к faces are stabilized by adsorption. 
These effects of adsorption on the stability of crystal faces can be understood 
as follows: as was discussed in refs. [34,2], adsorption will in general lead 
to a decrease in the surface tension of a face, which decrease is proportional 
to the adsorption site density on the face. As the adsorption site density is 
orientation dependent, the decrease in surface tension will not be the same 
for every crystallographic orientation. Therefore the shape of the Wulff plot, 
i.e. the polar plot of surface tension versus orientation, will change as a result 
of adsorption. 
Most interesting for our discussion are the changes which may occur in 
the singularities of the Wulff plot, i.e. the cusps in the plot. It is well-known 
that such cusps cause the appearance of flat faces on crystals. Concerning the 
effect of adsorption, it can be calculated that cusps may become less or more 
pronounced, dependent on whether the adsorption site density ( q ) has a min­
imum or a maximum, respectively, for the orientation corresponding to the 
cusp. This is depicted in fig. 10. It is seen that for situation I in the extreme 
situation of high adsórbate coverage the cusp changes from inward to outward 
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pointing. The reason for this is that the surface tension for all orientations 
is lowered upon adsorption, but because the lowering of the surface tension 
is directly proportional to the adsorption site density, the surface tension is 
lowered more, the more the faces are misoriented from the orientation corre­
sponding to the cusp. This implies that under conditions of high coverage the 
orientation corresponding to the cusp will no longer be observed as a flat face 
on crystals. In a previous paper [3] the destabilization of the { h h к }h<k 
faces, in particular { 1 1 3 }, an orientation for which the adsorption site 
density has a minimum, was interpreted in such terms. This destabilizing 
effect of adsorption can be interpreted as a case in which adsorption takes 
place preferably at step edges ( see refs. [35,36] ), i.e. adsorption lowers the 
step free energy η
β
 on the faces, until at the coverage where η, becomes zero, 
the faces are no longer stable and break up into macroscopic steps [2]. 
Fig.10. 
Schematical drawing de- i n π -
monstrating the ambivalent I -a ' \ // ^ 
effect of adsorption on the 
shape of the Wulff plot, η 
is the surface tension, q the 
adsorption site density, φ is 
an angle which is used to 
define the crystallographic 
orientation. I and Π are 
situations where the ad­
sorption site density has a 
minimum and a maximum, 
respectively. The lines in the η graph indicated by a, b and с correspond to 
low, medium and high coverage, respectively. 
\\γ 
/ 
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On the contrary, stabilization of certain faces will occur, if adsorption 
occurs preferably on the surface itself, leading to a higher step free energy 
upon adsorption. This is situation II in fig. 10, in which the adsorption site 
density has a maximum for the orientation corresponding to the cusp. In 
ref. [2] it was calculated that such is the case for the { 0 0 1 } faces, while 
in the present paper the experimental results point to a similar effect on the 
{ h h к }h>k faces. So, although at the present state of knowledge the effect 
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of adsorption on the stability of the { h h к }h>k faces cannot be treated 
in a quantitative way, similarly to the above treatment of the { h h к }h<k 
faces and the { 0 0 1 } faces, it can be said that most probably the effects of 
the { h h к }н>к faces are caused by a prefered adsorption at the surface of 
these particular faces. The nature of the stabilization might then be via the 
mechanisms proposed in section 4.2. 
5. S u m m a r y 
With the aid of hemispherical single crystal substrates we studied the orien­
tation dependence of silicon crystal growth in the Si-H-Cl CVD system. The 
influence of the temperature and the chlorine-hydrogen ratio in the gas phase 
was investigated for total pressures of 0.1 and 0.01 atm. 
It is found that the adsorption of chlorine plays a dominant role in the 
determination of the stability of silicon faces. Chlorine adsorption may re­
sult in either stabilization or destabilization of certain faces. Very generally 
stabilization is observed for the { 0 0 1 } and the { h h к }h>k faces and 
destabilization for the { h h к }h<k faces. 
As an example of destabilization we have discussed the transition from 
macroscopic steps at low temperatures to flat { h h к }h<k faces at higher 
temperatures. This transition is dependent on the chlorine-hydrogen ratio in 
the gas phase and on the pressure in the growth system in such a way that the 
{ h h к }h<k faces become more stable when the CI coverage is expected to be­
come less, which is qualitatively in accordance with the previously developed 
idea of chemical roughening [3]. However, the experimentally found pressure 
dependence is not as large as is predicted with the aid of the thermochemical 
data for adsorption derived in ref. [4]. In the present paper an explanation 
for this discrepancy is suggested, based on the incomplete equilibration of 
the gas phase with the silicon substrates in our experimental system and the 
increasing importance of surface kinetics at the lower pressures: because the 
rate determining step during the growth of silicon is the desorption of CI 
from reactive sites on the surface, the CI coverage is higher than expected for 
equilibrium conditions, especially at the lower pressures. 
As an example of the stabilizing action of CI adsorption, we have discussed 
the influence of growth parameters on the occurrence of the { 0 0 1 } and the 
{ h h к }h>k faces. In accordance with the experiments at 1 atm, at the 
lower pressures the stability of the { 3 3 1 } , { 5 5 1 } and { 0 0 1 } faces 
decreases with increasing temperature. At the lower pressures it is found that 
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the stability of these faces additionally depends on the chlorine-hydrogen ratio 
in the gas phase and the total pressure in the growth system, i.e. the faces are 
more stable for growth conditions at which a higher CI coverage is expected. 
Accordingly the reason for the observed behaviour is that these faces are 
stabilized by chlorine adsorption. It is suggested that the stabilization of 
the { h h к }н>к faces occurs indirectly via a mechanism which favours the 
formation of dimer stabilized terraces on this faces, as discussed in an earlier 
paper [4]. 
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SAMENVATTING 
DE KRISTALVOKM VAN M.B.V. CVD GEGROEID SILICIUM 
IN RELATIE TOT ADSORPTIEPROCESSEN 
Het moge algemeen bekend zijn dat, gezien de grote belangrijkheid van het 
materiaal voor technologische toepassingen in met name de electronische in-
dustrie, de kristalgroei van silicium in het verleden al veelvuldig en diepgaand 
is onderzocht. Ondanks de geweldige wetenschappelijke inspanningen op dit 
gebied zijn er evenwel toch een aantal verschijnselen, die van invloed zijn bij 
de vervaardiging van geïntegreerde halfgeleider structuren m.b.v. chemische 
dampafzetting ( "Chemical Vapour Deposition", afgekort CVD ), die niet 
voldoende begrepen worden, zoals bv. de verschuiving en de vervorming van 
fotolithografisch aangebrachte patronen in de te gebruiken silicium substra-
ten tijdens het CVD proces en het al dan niet slagen van "epitaxiale laterale 
overgroei" ( ELO ) op siliciumsubstraten, die gedeeltelijk zijn afgedekt met 
electrisch-isolerende lagen van bv. siliciumoxide of siliciumnitride. Voor een 
beter begrip en optimalisatie van dit soort processen is het noodzakelijk om 
te weten hoe de depositie van silicium plaatsvindt op substraten van verschil-
lende kristallografìsche richting. 
Behalve uit technologisch oogpunt, is deze kennis ook vanuit een funda-
menteel wetenschappelijk gezichtspunt van belang. Wil men het depositie-
proces tijdens CVD op atomaire schaal kunnen beschrijven, dan kan men veel 
leren van een vergelijking van de afzetting op substraten van verschillende 
oriëntaties, omdat immers een vlak met een andere kristallografìsche richting 
zowel een andere dichtheid als een andere geometrie van de plaatsen waar 
de atomen kunnen hechten, met zich meebrengt. Dientengevolge zal men 
waarnemen dat silicium op sommige oriëntaties beter "plakt" dan op andere. 
Voor de bestudering van bovengenoemde oriëntatieafhankelijkheid wordt 
in dit proefschrift gebruik gemaakt van bolvormige substraten. Het voordeel 
hiervan is dat het gedrag vein een groot aantal kristallografìsche richtingen ge-
lijktijdig kan worden bestudeerd. Door de bovengenoemde verschillen in het 
hechten van silicium op verschillende oriëntaties zal de bolvorm gedurende 
het depositieproces langzaamaan verloren gaan. Dit uit zich in het verschij-
nen van afgeplatte gebiedjes op de bol, "facetjes" genoemd, die overeenkomen 
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met oriëntaties waarop het silicium het slechtste plakt. Immers, een afplatting 
zal juist daar ontstaan, waar het siliciumkristal het langzaamst "groeit". 
In het verleden zijn er een aantal theorieën ontwikkeld, bv. de Bravais-
Friedel-Donnay-Harker-theorie en de Hartman-Perdok Periodieke bindings-
keten ( PBC ) theorie. Deze theorieën pogen, uitgaande van de atomaire 
structuur van het binnenste van het kristal, te voorspellen op welke oriënta-
ties de materie het slechtste, dan wel het beste hecht. In overeenstemming 
met de bevindingen van andere onderzoekers wordt ook in dit proefschrift 
experimenteel aangetoond dat de bovenstaande theorieën niet voldoen voor 
het geval van silicium ( zie de hoofdstukken 2, 4, 7 en 8 ). Er worden name-
lijk aanzienlijk meer, en vooral andere, facetjes gevonden dan die, welke de 
theorieën voorspellen. Op grond van realistische bindingsmodellen voor het 
siliciumkristal worden eigenlijk alleen de facetjes voorspeld, welke men kan 
aanduiden met de kristallografische indices { 1 1 1 } . De { 1 1 1 } facetjes 
worden overigens wèl bijna altijd op de bollen gevonden, m.u.v. de expe-
rimenten bij hoge temperatuur en hoge oververzadiging die in hoofdstuk 7 
beschreven staan. 
De conclusie die dan uit de experimenten wordt getrokken is dat de ato-
maire structuur van het oppervlak van een siliciumkristal geen directe voort-
zetting hoeft te zijn van de atomaire structuur in het binnenste van het kristal, 
m.a.w. een siliciumkristaloppervlak kan niet altijd ( of liever: bijna nooit ) 
beschouwd worden als een eenvoudige doorsnede van een kristalmodel. 
Als een eerste stap tot de opheldering van dit probleem wordt de in-
vloed bekeken van de zogenaamde "dimeer reconstructie", welke inhoudt dat 
atomen die zich aan bepaalde oppervlakken van een siliciumkristal bevinden, 
paarsgewijs nieuwe, zeer sterke bindingen vormen. In de hoofdstukken 5 en 6 
wordt op theoretische gronden beargumenteerd dat deze "dimeerbindingen" 
de oorzaak zijn van de slechte hechting van siliciumeenheden op ( dus de lage 
groeisnelheid van ) de oriëntaties die worden aangeduid met { 0 0 1 } . 
In hoofdstuk 3 wordt getoond dat hetzelfde moet gelden voor de { 1 1 3 }-
oriëntaties. Dus, naast de al eerder genoemde zeer stabiele { 1 1 1 } facetjes, 
verwacht men op de bollen na het depositieproces op grond van het bestaan 
van deze dimeerbindingen bovendien zowel { 0 0 1 } als { 1 1 3 } facetjes te 
vinden. 
Voor deze laatstgenoemde oriëntaties blijkt er echter nog een apart ver-
schijnsel op te treden, namelijk: { 1 1 3 } facetjes komen alleen voor boven een 
bepaalde temperatuur. Dit is tegenovergesteld aan hetgeen men zou verwach-
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ten op grond van de bestaande kristalgroeitheorieën. In de hoofdstukken 3, 
4 en 8 wordt als verklaring voor dit speciale effect de adsorptie geopperd van 
met name chloor, wat een van de vele componenten is van de gasmengsels die 
gebruikt worden bij de chemische dampafzetting van silicium. In eenvoudige 
bewoordingen komt het erop neer dat het chloor, wat zich aan het silicium 
oppervlak hecht en niet in het kristal inbouwt ( althans niet noemenswaar-
dig ) er voor zorgt dat de { 1 1 3 } oriëntaties de neiging gaan vertonen om 
"terrassen" te vormen ( zie bv. figuur 5 in hoofdstuk 2 ). Doordat bij een 
hogere temperatuur het chloor loslaat van het siliciumoppervlak, is deze nei-
ging tot terrassenvorming bij hogere temperatuur minder en komen weer de 
gladde { 1 1 3 }-facetjes tevoorschijn. Een sterk experimenteel bewijs voor 
deze verklaring is dat als de chloorconcentratie in de gebruikte gasmengsels 
wordt verhoogd, er ook tot een hogere temperatuur moet worden verhit om 
weer { 1 1 3 }-facetjes te verkrijgen ( zie hoofdstukken 4 en 8 ). 
Tot slot wordt er in hoofdstuk 7 beredeneerd dat de bovengenoemde di-
meerreconstructie waarschijnlijk ook een grote rol speelt in de stabilisatie van 
nog enkele andere oriëntaties, zoals { 1 1 0 } , { 5 5 1 } en { 3 3 1 } . Experimen-
teel wordt gevonden dat de facet jes van deze oriëntaties alleen beneden een 
bepaalde temperatuur voorkomen, wat meer in overeenstemming is met de 
gangbare kristalgroeitheorieën. Zoals wordt besproken in hoofdstuk 8, speelt 
ook hier chlooradsorptie weer een rol, maar in tegenstelling tot de invloed op 
de { 1 1 3 } facetjes, heeft het chloor een stabiliserende invloed op de { 1 1 0 }, 
{ 5 5 1 } , { 3 3 1 } en de { 0 0 1 } oriëntaties. 
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